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Preface 


Disease reduction is a major, long-term goal for the application of insect molecular 
genetics. In recent years rapid advances were made in the molecular genetics of 
mosquitoes, such that unravelling the genome of a species is now becoming an 
increasingly frequent event. Knowledge gained from these accomplishments is 
expected to contribute new insights to multiple aspects of mosquito biology, including 
a better understanding of species interactions and reduction of disease caused by the 
pathogens that mosquitoes transmit. The idea of using genetically modified 
mosquitoes (GMM) to reduce vector-borne diseases is founded on the notion that 
genetic constructs that will render mosquitoes incapable of pathogen transmission can 
be driven into vector populations. Conceptually, this is an exciting and novel 
approach to improving public health. However, because the consequences of releasing 
genetically modified insects into the natural environment could be significant, 
utilization of GMM for disease control deserves thoughtful evaluation. For example, it 
can be argued that the evolutionary forces that shape natural ecosystems may produce 
unexpected outcomes when confronted with GMM. The question has been raised 
whether the outcomes for natural ecosystems and public health of releasing GMM are 
sufficiently well understood to predict results with some degree of certainty. It is 
generally agreed that a significantly elevated understanding of the ecological 
underpinnings of disease control by GMM will improve the prospects for its 
successful and safe application. 

In order to develop a framework for future research that will contribute to a better 
understanding of the ecological aspects of GMM, experts in the field of mosquito 
ecology were invited to a workshop during June 2002 at Wageningen University and 
Research Centre. The meeting was noteworthy because it was the first time that 
mosquito ecologists met for the specific purpose of discussing the application of 
GMM for disease control. The meeting format consisted of oral presentations on 
selected topics followed by discussion and debate. Participants critiqued the current 
status of knowledge regarding potential affects that transgenic mosquitoes might have 
on a natural ecosystem and the force of malaria and dengue transmission. The 
chapters that follow are derived from presentations at the meeting. In some cases they 
were expanded or modified from their initial content based on discussion in 
Wageningen and/or inclusion of the most current published literature. 

The Wageningen meeting was an important first step toward encouraging people 
with different but complimentary expertise to work together to develop strategies for 
disease reduction that emphasize improving public health and minimizing adverse 
environmental affects. It is our desire that this volume will be a stimulus for future 
meetings that recognize the value of vector ecology for prevention of vector-borne 


disease. 


The organizers 


The workshop was organized by Frontis - Wageningen International Nucleus for 
Strategic Expertise and the Laboratory of Entomology, both at Wageningen 
University and Research Centre, Wageningen, The Netherlands. 
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An introduction to ecological challenges concerning the use 
of genetically-modified mosquitoes for disease control 


Willem Takken’ and Christophe Boéte” 


Vector-borne diseases such as malaria and dengue constitute a major obstacle to 
socio-economic development in much of the tropics and remain high on the list of 
priorities for the improvement of public health. Sadly, financial as well as logistical 
constraints prevent a rapid amelioration of this situation (Reducing risks, promoting 
healthy life 2002). Unlike other infectious diseases, vector-borne diseases stand out 
because of their complex way of transmission, requiring passage from man to man or 
animal to man through an arthropod vector. This method of transmission implies the 
simple principle that removal of the vector will lead to the elimination of the disease. 
Indeed, the control of malaria, dengue, and other vector-borne diseases has relied — to 
a large extent — on vector control and, in certain areas (malaria in Western Europe, the 
Soviet Union and India, and dengue in the Americas), has been extremely successful. 
The introduction of synthetic insecticides (DDT, dieldrin a.o.) in the twentieth century 
created great optimism that vector-borne diseases could be controlled or even 
eradicated (Najera 1989). It is now realized that this optimism was unjustified. The 
main reasons were the development of insecticide resistance in the arthropod vectors, 
the sociological resistance to recurrent house spraying and a lack of political will to 
consolidate eradication efforts sufficiently well-funded for an adequate coverage of all 
disease-endemic regions (Greenwood and Mutabingwa 2002). Today the control of 
vector-borne diseases depends on a variety of methods including indoor spraying with 
insecticides, insecticide-treated bed nets, drainage and other means to eliminate 
mosquito-larval habitats, bioinsecticides, insect-growth regulators for larval control, 
and biological control (Curtis 1991). Ail such methods are combined with other 
health-control interventions such as drug treatment and vaccination. Although these 
methods help to reduce the disease burden by interruption of transmission, they do not 
remove or eradicate the pathogen and they leave the vectors to thrive in their natural 
habitats. It has proven increasingly difficult to eradicate an arthropod vector, and 
where successful control has been reported, this was often the result of temporary 
interruption of transmission to clear the human reservoir of the pathogen as has been 
the case for malaria. Hence we know of ‘anophelism without malaria’ in many 
countries around the Mediterranean and the continental USA (Bruce-Chwatt and De 
Zulueta 1980). In other areas, such temporary successes have led to a rebound effect, 
a.o. in India and Sri Lanka. 

A different approach to vector-borne disease contro] is the proposition of using 
genetic methods to either reduce the density of the vector population or replace 
competent vectors with genetically modified counterparts that have been made 
* Laboratory of Entomology, Wageningen University, PO Box 8031, 6700 EH Wageningen, The 
Netherlands. E-mail: willem.takken@wur.nl 
* Taboratoire de Parasitologie Evolutive, UMR 7103, Université Pierre et Marie Curie, 7 quai St. 
Bernard, 75252 Paris, France. E-mail: cboete@snv.jussieu. fr 
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refractory to parasite infection or development and no longer can transmit target 
pathogens or parasites. In the nineteen-seventies genetic control was studied using 
hybridization or sterile-insect technology. The development of molecular-genetic 
technology, allowing identification of genes and manipulation of such genes within or 
among species, opened unprecedented possibilities for genetic control of arthropod 
vectors. The World Health Organization organized a meeting in Tucson, Arizona, 
USA in 1991 to discuss the potential for the control of vector-borne diseases by 
genetic manipulation of vectors (Report of the meeting 'Prospects for malaria control 
by genetic manipulation of its vectors' 1991). Participants in the meeting concluded 
that there was ample opportunity for the application of such technology and research 
began to explore a) the identification of refractory genes, b) whether such genes could 
be introduced in vectors of major diseases such as malaria, dengue, South-American 
trypanosomiasis, and others and c) how desirable genetic traits could be driven into 
natural vector populations. An important aspect of this work would be the availability 
of a genomic map of the target vector, in order to identify the location of specific 
genes to be manipulated. The latter has been recently accomplished for the malaria 
vector Anopheles gambiae Giles sensu stricto (Holt et al. 2002). In addition, proof 
must be provided that insect vectors could be stably transformed to carry (a) 
refractory gene(s). Recently, this was achieved in the mosquito Anopheles stephensi 
Liston, which was transformed so that binding of the malaria parasite Plasmodium 
berghei to the mosquito's midgut membrane and sporozoite passage across the 
epithelium of the salivary glands were significantly reduced (Ito et al. 2002). Thus, 
several important goals for the development of transgenic mosquitoes have been met. 
This raises the question, however, whether enough attention has been paid to the issue 
how transgenic insects will fare in a natural environment. Surprisingly, relatively little 
attention has been paid to the important questions regarding fitness of released 
transgenic mosquitoes compared to wild siblings that they are meant to replace and 
how parasites will respond to barriers to infection in their arthropod hosts (Clarke 
2002; Boéte and Koella 2003). Recently, however, Catteruccia, Godfray and Crisanti 
(2003) reported a study revealing that fitness of genetically transformed An. stephensi 
was significantly reduced compared to non-transformed An. Stephensi of the same 
laboratory stock. This report serves as a reminder that, although in the last few years 
several studies have reported successful transformation of mosquitoes (Jasinskiene et 
al. 1998; Catteruccia et al. 2000; Ito et al. 2002), controlling disease with transgenic 
mosquitoes is in the very early phase of development. All such studies must 
incorporate research on behavioural and physiological traits to ascertain that the 
transformed insects can compete with the wild populations which they are meant to 
replace. The study by Catteruccia, Godfray and Crisanti (2003) made this clear, 
reinforcing the fact that manipulated phenotypes must be rigorously examined when 
genetic manipulation of field populations is being considered. One possibility to study 
these effects has been suggested by Knols et al. (see elsewhere in this volume 2003), 
where a large contained semi-field system is proposed to create an arena for 
ecological vector studies that mimic a natural, undisturbed, habitat for mosquitoes. 
Current technology suggests that genetic manipulation of insect vectors is now 
available for wide use, but in contrast, the required reciprocal studies required to 
investigate the behaviour and survival of such transgenes in natural settings have 
apparently been largely overlooked. 

A literature review of vector-borne diseases reveals that few studies have been 
conducted to examine gene flow among vectors, their mating behaviour, the 
interactions between vectors sharing one habitat, how parasites and pathogens respond 
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to the introduction of new vectors etc. Moreover, even if it becomes technically 
possible (with the efficient genetic-drive system) to introduce an allele conferring 
resistance to the malaria parasite into a mosquito-vector population, the effect on 
human prevalence and malaria morbidity and mortality would remain the heart of the 
problem, and the predicted effect of transmission reduction on malaria mortality and 
morbidity is debatable (Smith, Leuenberger and Lengeler 2001; Trape et al. 2002). 
Last but not least, any disease-prevention method based on genetically modified 
organisms (GMO) needs to be conducted under the social, legal and ethical rules of 
the societies and governments where the GMO is released. 

Questions on topics ranging from ecology, parasitology, evolution and 

epidemiology to sociology, must be answered before any release of transgenic vectors 
is contemplated and will, without doubt, be useful for disease-control programmes 
that transcend vector transgenesis. 
If not, the prospects for reducing disease are not good, similar to several of the sterile- 
insect programmes for malaria control in the nineteen-seventies (see Reisen elsewhere 
in this volume 2003). Given the time and resources spent on current studies using 
transgenic technology, such failures cannot be afforded for several reasons. First and 
foremost, people of disease-endemic countries urgently require a solution for 
reduction of the burden of disease. One would be ill-advised if these studies provided 
false hopes of a lasting solution to their problems. Second, only a few decades ago 
scientists confidently declared that insecticides would permanently halt transmission 
of malaria, yellow fever and dengue. A short while later it became evident that the 
biological plasticity of the vectors had been underestimated, rendering many of them 
insecticide-resistant. A similar problem occurred with the malaria parasite, whose 
plasticity led to the rapid development of resistance against many anti-malarial drugs 
(White et al. 1999). The scientific world should not repeat such a spectacle of hope, 
followed by defeat because technologies that have not been tested properly in a 
natural environment were introduced too soon. Third, a vast amount of public 
spending has gone into new research and training on mosquito vectors. Scientists owe 
it to the public that their research will meet the promises with which the numerous 
research grants were accepted. This takes time, and ecological research is an 
integrated aspect of the — up to now — mostly laboratory-directed studies. 

In the summer of 2002 a group of vector ecologists met in Wageningen, The 
Netherlands, to discuss these issues and to provide a list of study themes that should 
be addressed urgently in the advent of the release of transgenic mosquitoes for disease 
control. This book contains the thoughts and ideas of the participants of the workshop, 
as well as recommendations for future research. We hope that this book will serve as a 
reference for scientists, administrators and health officials with an interest in novel 
methods for vector-borne-disease control. 
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Transgenic mosquitoes: the state of the art 


David A. O’Brochta’ 


Abstract 


After almost two decades of effort, the technology for creating transgenic 
mosquitoes has been developed. Although it requires specialized equipment, skills 
and facilities, any determined investigator can successfully use the technology. 
Delivery of transgenes to the germ cells of the host mosquito is accomplished by 
direct injection of pre-blastoderm embryos using fine, sharp glass needles. This 
delivery system is inefficient and demands special equipment and a high level of skill. 
Integration of the transgene into the chromosomes of the host insect is facilitated by 
the use of transposable-element-based gene vectors. Hermes, mariner, Minos and 
piggyBac are insect-derived transposable elements that have broad host ranges and 
function in mosquitoes. The efficiency of integration is between 1% and 10%; 
meaning 1-10% of the mosquitoes surviving the injection process and producing 
progeny will produce at least one transgenic offspring. Detecting transgenic 
mosquitoes is now very efficient with the advent of a wide variety of autofluorescent 
proteins that can serve as dominant visible genetic markers. The key question in the 
efforts to develop transgenic strategies for the modification of natural mosquito 
populations is not whether transgenic mosquitoes refractory to virus or parasite 
development can be created. Instead, the key questions now are: Can transgenic 
genotypes be successfully introduced into natural mosquito populations? Will the 
frequency of introduced transgenes in natural populations increase? Will the 
genetically modified populations of mosquitoes create the public-health benefit 
desired? 


Keywords: Transposable elements, Hermes, Mariner, Minos, PiggyBac, mosquitoes, 
gene 


Introduction 


Creating an organism containing foreign DNA that is stably integrated into 
chromosomes and transmitted to progeny provides opportunities to explore the 
biology of genetically manipulated organisms and to solve practical problems. These 
so-called transgenic organisms can pose risks to human health and the environment 
making their creation and use an issue of concern to people with a variety of interests. 
Given the central importance of mosquitoes to the health of a large fraction of the 
earth’s population we can anticipate that the creation and use of transgenic 
mosquitoes will demand careful attention. 


* Center for Agricultural Biotechnology, University of Maryland Biotechnology Institute, Room 5115 
Plant Sciences Building, College Park, MD 20742, USA. E-mail: obrochta@umbi.umd.edu 
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Transgenic insect technology was developing over the last two decades to the point 
where very determined investigators with a small amount of specialized equipment 
and the appropriate reagents had a reasonable hope of successfully creating a 
transgenic insect of their choosing. Interest in creating transgenic mosquitoes began 
two decades ago and followed reports of the development of the first insect- 
transformation system based on the Drosophila P transposable element in 1980. 
Unfortunately, that approach resulted in only limited success; see Handler (2000) for a 
more complete consideration of the history of the development of insect- 
transformation technologies. Miller et al. (1987) reported the successful creation of a 
single line of transgenic Anopheles gambiae that expressed an antibiotic-resistance 
gene. McGrane et al. (1988) and Morris, Eggelston and Crampton (1989) made 
similar reports of transgenic Aedes triseriatus and Aedes aegypti, respectively. The 
novelty of these insects at the time drew much attention, but the greater significance 
of the work was the demonstrated failure of the Drosophila transformation technology 
to function in a useful way in three mosquito species. These data and others 
(O'Brochta and Handler 1988) played a significant role in leading insect biologists 
away from the specific technology being used to create transgenic Drosophila 
melanogaster and to focus on developing alternative technologies. During the last 
decade there was a determined effort to develop alternative technologies that resulted 
in multiple functional systems for creating transgenic insects for a variety of 
applications. Herein I examine the current methods for creating transgenic mosquitoes 
and attempt to point out the limitations of existing technologies and what might be 
expected in the future. 


General Considerations 


The term “transgenic” can be somewhat ambiguous. For the purposes of this 
discussion it will be taken to mean the heritable alteration of a genotype through the 
incorporation into chromosomes of DNA that was manipulated in vitro. This 
somewhat restrictive definition of “transgenic” is being employed because mosquitoes 
released into the environment as part of a disease-prevention programme in the future 
are likely to be transgenic in this way. This working definition of “transgenic” 
excludes organisms that may contain foreign genes extra-chromosomally, genes 
contained in viruses or microbial symbionts, as well as those organisms with foreign 
DNA in somatic tissue only. 

Creating a transgenic organism requires the solution to three major problems. First, 
the DNA of interest must be delivered from a test tube in a laboratory to the nucleus 
of germ cells or presumptive germ cells of the target organism. Second, once in the 
nucleus the transgene must recombine with the chromosomes in such a way that it 
becomes physically incorporated into them. Third, germ cells containing the 
integrated transgene must be recognized and recovered. Solutions to the problems of 
transgene delivery, recombination and detection exit for a number of mosquito species 
permitting the creation of transgenic mosquitoes. 


Delivery 


Creating transgenic mosquitoes requires the delivery of the transgene to the 
nucleus of germ cells or presumptive germ cells. Transgene delivery in insects has 
depended almost exclusively on the direct microinjection of DNA. Early insect 
embryogensis in all mosquitoes and most insects, in general, involves a series of 
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nuclear divisions following male and female pronuclear fusion and then 
cellularization to form a blastoderm. Hence the early embryo is a syncytium and 
direct microinjection of DNA into the ooplasm is equivalent to direct cellular 
injection. As the nuclei in the young embryo proceed through the cell cycle the 
chromosomes are exposed to the injected DNA during mitosis and some of the DNA 
becomes passively incorporated into the reformed nuclei. Because it is known that the 
posterior pole of the embryo is where the presumptive germ cells will form it is 
possible to deposit the transgene-containing DNA in this region of the embryo to 
facilitate DNA incorporation into these cells. Following cellularization and 
blastoderm formation zygotic transcription begins and genes present on the 
microinjected DNA can be expressed. 

Currently, direct microinjection of preblastoderm mosquito embryos using 
extremely fine glass needles is the only effective method for delivering DNA to germ 
cells for the purposes of creating transgenics. Alternative methods have been explored 
including biolistics (Baldarelli and Lengyel 1990; Mialhe and Miller 1994) and 
electroporation (Leopold, Hughes and DeVault 1996) of insect embryos but none of 
these methods proved particularly effective. Microinjection methods have improved 
through the development of appropriate protocols for collecting and handling embryos 
before and after microinjection. In addition, improvements in the manufacturing of 
glass microinjection needles, in particular the use of quartz glass, have permitted the 
resilient chorions of mosquitoes to be penetrated without destroying the needle or 
creating excessive mechanical damage to the embryo. 

DNA delivery represents a significant limitation to the creation of transgenic 
mosquitoes. Newly-laid mosquito eggs have soft chorions that rapidly begin to 
melanize and harden, leaving researchers with a very small window of opportunity to 
perform microinjections. This window of opportunity can be extended in some 
species by treating the eggs with a phenoloxidase inhibitor, p-nitrophenyl p'- 
guanidinobenzoate (Catteruccia et al. 2000). In addition to a limited amount of time in 
which to perform the necessary microinjections young mosquito embryos are 
sensitive to desiccation. Embryos need to be slightly desiccated prior to injection to 
permit DNA being injected from leaking out. Mosquito embryos are also sensitive to 
small amounts of mechanical damage. Mosquitoes that deposit their eggs in rafts 
present additional challenges that can be overcome in some cases although this 
requires great skill and some innovation (Allen et al. 2001). Currently investigators 
with considerable skill at microinjecting insect embryos can expect to have 
approximately 10-30% of the mosquito embryos they inject survive and hatch. 


Recombination 


The DNA delivered to mosquito germ cells is usually in the form of circular 
plasmids. Extrachromosomal DNA (that is, plasmids) will recombine with 
chromosomal DNA and this type of random recombination is the basis for creating 
stably transformed cell lines. The frequency of random recombination, however, is 
quite low and unless an efficient method exists for selecting for rare recombinants 
there is little chance of finding them. In addition, each mosquito progeny arising from 
a cross in which one of the parental insects had been injected with the transgene as an 
embryo reports on the genotype of one gamete from that parent. Screening tens of 
thousands of progeny probably represents a practical limit to what can reasonably be 
done in an average laboratory and, therefore, the frequency of transgene integration 
would need to be high enough to permit its recovery in a pool of tens of thousands of 
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gametes. Consequently, direct injection of plasmid DNA into mosquito embryos 
followed by random integration cannot be relied upon to create transgenics although 
such recombinants have been reported (McGrane et al. 1988; Miller et al. 1987; 
Morris, Eggelston and Crampton 1989). Instead, recombination needs to be promoted 
by attaching the transgenes to DNA sequences that are naturally highly 
recombinogenic. For those attempting to create transgenic mosquitoes, transgenes are 
attached to transposable elements. 

Transposable elements are components of genomes that can change their location 
within a genome through the recombination reactions of excision and integration. 
Transposable elements are a structurally diverse group of genetic elements that can be 
divided broadly into two classes (Finnegan 1989). Class I elements transpose via 
RNA intermediates while Class II elements transpose via mechanisms involving only 
DNA and typically resemble cut-and-paste type recombination reactions. Class I 
transposable elements have not been developed into insect gene vectors. Class II 
transposable elements typically consist of a sequence of DNA less than 10 kb in 
length and often less than 3 kb with inverted repeat sequences defining the ends. 
These elements usually have limited protein-coding capacity, which usually includes a 
recombinase (transposase) that catalyzes the specific excision and integration of the 
element. Any DNA sequence flanked by the essential inverted terminal repeat 
sequences will behave like a transposable element in the presence of transposase; that 
is, they will excise and integrate. Hence the transposable element serves as a vector 
for the transgenes. The use of Class II transposons as gene vectors has become the 
standard strategy for promoting transgene integration into the chromosomes of insect 
hosts. Currently there are 4 transposable-element gene vectors that have been shown 
to function in mosquitoes: Hermes, mariner, Minos, and piggyBac (Handler and 
James 2000). 

Hermes was isolated from the housefly, Musca domestica and is a member of the 
hAT (hobo , Ac. Tam3) family of transposable elements (Warren, Atkinson and 
O'Brochta 1994). It has a typical Class II transposable-element structure with a length 
of 2749 bp, 17bp inverted terminal repeats and a single open reading frame capable of 
encoding a 70kD transposase protein. Transgenic Aedes aegypti and Culex 
quinquifasciatus were created using this system and transformants were recovered at a 
rate of 1-5% (Coates et al. 1998; Jasinskiene et al. 1998). 

Mariner (or Mos 1) was isolated from Drosophila mauritiana and is only 1.4 kb in 
length (Jacobson, Medhora and Hartl 1986). This element, which is a member of a 
widely distributed family of elements has been shown to be functional in a variety of 
taxa including protozoa, bacteria, fish, chickens, and insects. Mariner has been used 
to create transgenic Aedes aegypti with a reported rate of integration of approximately 
4% (Coates et al. 1998). 

Minos is a distant relative of mariner and belongs to the Tc] family of transposable 
elements which has representatives in a wide range of taxa. Minos was originally 
isolated from Drosophila hydei and like mariner it is comparatively small, 1.8 kb, but 
possesses uniquely long terminal inverted repeats of 255bp (Franz and Savakis 1991). 
Minos was used as a gene vector in Anopheles stephensi (Catteruccia et al. 2000). The 
reported rate of integration in this species was approximately 10%. 

piggyBac is a Class II transposable element that was isolated initially as an 
insertion sequence in a baculovirus that had been passaged through Trichoplusia ni 
cells (Fraser 2000). It was subsequently found that piggyBac originated in the genome 
of T. ni. piggyBac is the founding member of a unique family of elements referred to 
as TTAA elements and although their distribution has not been extensively 


18 


O’Brochta 


investigated members of this family are now known to be present in a wide range of 
insects including tephritid fruit flies (Hander, A.M. personal communication) and 
mosquitoes (Collins, F. personal communication). piggyBac has been used 
successfully to transform Aedes aegypti (Kokoza et al. 2000; 2001), Anopheles 
gambiae (Grossman et al. 2001), Anopheles stephensi (Ito et al. 2002; Nolan et al. 
2002) and Anopheles albimanus (Handler, A.M. personal communication). In all 
cases the approximate rate of transformation ranged from 4 to 10%. 

The variety of recombination systems that function in mosquitoes gives 
investigators a number of options for creating transgenic insects, and although the 
existence of these systems represents significant progress, technological limitations 
are apparent as well as gaps in knowledge. In combination with current DNA-delivery 
technologies the recombination rates associated with the transposable elements 
reviewed above are somewhat low. Rates of integration of 10% or less tend to be 
problematic and only are acceptable if producing viable injected parental insects is not 
difficult. Because DNA delivery to mosquito embryos is challenging, our ability to 
produce viable injected parental insects is limited. Consequently, increased rates of 
integration would make the technology more widely accessible. There has been little 
systematic analysis of the stability of the current gene vectors or their abilities to be 
intentionally re-mobilized, following their initial integration. For the elements 
mariner, Hermes, and piggyBac unexpected recombinants have been recovered that 
appear not to have arisen by the canonical “cut-and-past” transposition reactions that 
typify Class II transposable-element movement. The significance of these 
observations is not clear. Do unexpected integration events reflect properties of the 
elements or of the host? 


Detection 


Most of the progeny will not be transgenic when they arise from a cross in which 
one of the parental insects had been injected as an embryo and was transformed. 
Insect germlines arise from tens of cells (pole cells) determined during early 
embryogenesis just prior to blastoderm formation and, therefore, any integration event 
occurring after pole-cell formation will lead to only a fraction of the gametes being 
transgenic. This percentage decreases as the timing of integration is delayed. It is not 
uncommon to find transgenic progeny comprising less than 1% of the offspring, and 
in some cases a single transgenic progeny is recovered suggesting that integration was 
very late in development and post-meiotic. Therefore, detection of transgenic 
individuals is a challenge. Fortunately, detecting transgenics is a general problem 
shared by all who create transgenic animals, plants and microbes. Consequently, there 
are a number of robust solutions to this problem. Two strategies currently employed 
for the detection of transgenic mosquitoes are mutation complementation and 
dominant visible phenotypes. 

For well-studied species like Aedes aegypti and Anopheles gambiae there is a small 
collection of mutant lines with clearly visible phenotypes that can be used as parental 
strains in the creation of transgenics. By incorporating the appropriate wild-type allele 
in the gene vector one can recognize a transgenic individual by virtue of its now wild- 
type or near wild-type phenotype. The most useful mutant to date is an Aedes aegypti 
line with a recessive mutation in the kynurenin-hydrolase gene, a gene involve in eye- 
pigment biosynthesis. This particular mutation results in white (pigmentless) eyes and 
was originally described by Bhalla (1968). Introducing the wild-type allele of the D. 
melanogaster kynurenin-hydrolase gene results in partial rescue of the wild-type 
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phenotype. Rescued mosquitoes have eyes with varying intensities of red (Jasinskiene 
et al. 1998; Coates et al. 1998). Although mutant rescue is a useful method for 
detecting transgenic progeny, mutant lines can be less fit than wild-type mosquitoes 
and consequently may be more sensitive to the rigours of the injection process. In 
addition, the mutant genetic background may be inappropriate for subsequent 
investigations of the transgenic insect. 

Introduction of a novel transgene that results in an easily recognizable phenotype 
has a number of advantages over mutant rescue. Often transgenic markers can be used 
with wild-type lines of mosquitoes. Currently there is a small collection of transgenic 
marker genes that result in a dominant visible phenotype. These marker genes were 
derived from marine invertebrates and encode for proteins that are autofluorescent. 
The proteins absorb light of a particular wavelength and then emit a photon at a 
wavelength that is readily visible. The most popular and widely used autofluorescent 
protein was isolated from the jellyfish, Aequoria victoria, and is fluorescent green 
(see Figure 1). A variety of modifications of the native green fluorescent protein 
(GFP) have been made that result in more intense light emissions and emissions at 
different wavelengths. Currently one can choose derivatives of GFP that emit yellow, 
green or blue light. Two additional autofluorescent proteins have become available 
that emit red light. Red fluorescent proteins were isolated from a sea anemone, 
Discosoma striata (DsRed), and a coral, Heteractis crispa (HcRed). Autofluorescent 
proteins currently available have proven to be valuable genetic markers for 
recognizing transgenic mosquitoes (Nolan et al. 2002; Pinkerton et al. 2000). The 
genes encoding autofluorescent proteins are small (about | kb) and can be placed 
under the regulatory control of a variety of promoters leading to widespread 
expression of the marker gene (Grossman et al. 2001; Nolan et al. 2002; Pinkerton et 
al. 2000) or under the regulatory control of tissue-specific promoters resulting in 
highly localized expression patterns (Ito et al. 2002; Kokoza et al. 2001). Although 
multiple robust systems for detecting transgenic mosquitoes are now available, none 
permit the easy distinction between a homozygote and a heterozygote. This technical 
limitation makes the establishment of true-breeding lines in the laboratory more 
difficult. Autofluorescent protein expression has been assumed to be essentially 
neutral to the mosquito although this assumption has not been tested and seems unlike 
to be proven correct. 


Other Systems 


Viruses have proven to be valuable for creating transgenic vertebrates but have not 
been used to date to create transgenic mosquitoes, as defined in this discussion. 
Sindbis viruses were used to transiently express genes in mosquitoes and are 
extremely useful tools for assessing gene function prior to investing the effort 
required to create a transgenic mosquito (Higgs et al. 1999; Olson et al. 2000). Sindbis 
viruses are expected to continue to play an important role in the molecular-genetic 
analysis of mosquitoes. Modified retroviruses were shown to have integrases that are 
functional in insect cells, but germ-line integration of these viral vectors has never 
been achieved (Matsubara et al. 1996). Densoviruses have also been used as transient 


expression vectors in mosquitoes and further development in this area is likely (Ward 
et al. 2001). 
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Figure 1. Transgenic Anopheles stephensi expressing EGFP. 


Conclusions 


The creation of transgenic mosquitoes can now be considered an established 
methodology. The methods are not easy and require specialized equipment, skills and 
facilities but over time improvements can be expected that will result in this 
technology becoming more accessible. Improvements in DNA delivery and 
transposable-element integration rates are likely to be key points in the system that 
will be modified and lead to improvements. Despite the somewhat challenging nature 
of existing transgenic-mosquito technology it is being applied to questions of 
significant biological importance. The pace with which investigators create transgenic 
mosquitoes can be expected to accelerate rapidly in the near term. Already transgenic 
technologies are being used to explore potential strategies for disrupting parasite and 
pathogen development in mosquitoes. Antimicrobial peptides were introduced into 
Aedes aegypti (Kokoza et al. 2000) and a synthetic peptide was recently shown to 
have some disruptive effects on the development of Plasmodium berghei when 
expressed through the use of transgenic technology in the midgut of Anophelese 
stephensi (Ito et al. 2002). One can expect that antiviral and antiparasite strategies that 
were developed and tested through the use of virus-based transient expression systems 
will be placed into mosquito genomes using transgenic technology so that efficacy 
can be more realistically assessed (Adelman et al. 2001; De Lara Capurro et al. 2000; 
Higgs et al. 1998; Olson et al. 1996). We can expect that transgenic mosquitoes with a 
variety of genotypes and phenotypes will be created in the immediate future. Some of 
those transgenic mosquitoes will effectively and robustly block the development of 
pathogenic viruses and parasites. The key question in efforts to develop transgenic 
strategies for the modification of natural mosquito populations is not whether 
transgenic mosquitoes refractory to virus or parasite development can be created. 
Instead, the crucial questions now are: Can transgenic genotypes be successfully 
introduced into natural mosquito populations? Will the frequency of introduced 
transgenes in natural populations increase? Will genetically modified mosquito 
populations result in the desired public-health benefit? Developing the ecological 
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concepts that will aid in the development and assessment of new genetic control 
technologies is essential and needs to be ongoing. 
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Lessons from the past: an overview of studies by the 
University of Maryland and the University of California, 
Berkeley 


William K. Reisen®* 


Abstract 


Males of Anopheles culicifacies, Culex tritaeniorhynchus and Culex tarsalis were 
sterilized using chromosomal rearrangements, chemosterilants or irradiation, marked 
with fluorescent dusts and released to determine their ability for disperse and compete 
with field males for field females and laboratory strain females. Released males were 
uncompetitive for field females but supercompetitive for lab-reared females with a 
similar genetic background; i.e. mating was assortative between field and laboratory 
populations. Apparently field populations were not freely interbreeding and 
colonization selected for only that part of the field gene pool that was able to survive 
and mate under cage conditions. Mating barriers could have a significant impact on 
the dispersal of genetically engineered characters destined to impede pathogen 
transmission. 


Keywords: genetics, Sterile Insect Control, mosquito, review, Anopheles culicifacies, 
Culex tritaeniorhynchus, Culex tarsalis 


Preface 


My first two positions in medical entomology after receiving my PhD were to 
serve as the mosquito ecologist with teams of geneticists and arbovirologists 
attempting to release laboratory-crafted genetic strains of mosquitoes in the field for 
population suppression or replacement. My job was to investigate when, where and 
how many males were to be released and to devise assessment protocols. All of the 
research and releases essentially could be termed failures, because we did not reduce 
target mosquito population size and the males we released did not compete well for 
mates against field males. However, we learned a lot about male-mosquito biology, 
mosquito mating and population ecology. We now are poised to initiate the same 
types of research, only to find that we are faced with the same problems and that little 
research has been done to advance these aspects of field mosquito ecology in the past 


15 years. 


* Center for Vectorborne Diseases, School of Veterinary Medicine, University of California, Davis CA 
95611-8584, USA. E-mail: arbo123@pacbell.net 
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Introduction 


The present paper summarizes field-release experiments of mosquitoes performed 
during the 1970s and 1980s to understand the mating competitiveness of male 
mosquitoes that were altered genetically, sterilized by irradiation or chemically, or 
both. My purpose is to extend an earlier review of this work (Reisen 1985) and assess 
what was accomplished, what was learned, and what research is needed to prevent 
similar failures in future releases. Although there have been remarkable advances in 
understanding and manipulating the genetics of mosquitoes, far less effort has gone 
into understanding mosquito-population genetic structure and the process of mate 
selection. 


Research summary 


The Pakistan Medical Research Centre in Lahore, Pakistan, focused detailed 
genetic studies initially on Culex tritaeniorhynchus Giles, an important arbovirus 
vector in Asia. Elegant laboratory studies detailed the formal genetics of this species 
using procedures that were state of the art for the 1970s (Baker and Sakai 1974) and 
selection experiments focused on producing a strain refractory to West-Nile virus 
infection (Hayes et al. 1980; 1984). The field aspects of these studies largely failed, 
because little was known about the mating behavior of this mosquito, population sizes 
were huge, movement including immigration excessive, and colonized males were 
uncompetitive for field females (see Table 1). Releases focused on the mating success 
of males carrying several different chromosomal translocations in an attempt to use 
sterility as a marker to estimate mating competitiveness of released males against field 
males for field females (Baker et al. 1979; Reisen et al. 1980). Cx. tritaeniorhynchus 
populations were very large, vagile, dynamic and rested outdoors, thereby providing 
no visible target at which to focus our releases. Despite the production of large 
numbers of males with a target-population genetic background, the numbers released 
were comparatively few compared to the field population size and uncompetitive. 
None and one mating with a target female was detected during 1977 and 1978 
experiments, respectively (see Table 1). In 1977 matings were detected using the 
unselected female progeny of wild-caught females that were reared in the laboratory, 
marked with fluorescent dust and released concurrently with the sterile males. 
Collectively these data indicated that most target-population matings occurred away 
from the sites we chose for our male releases. In contrast, released males mated 
competitively for their sisters (e>2.0), indicating that assortative mating had occurred. 

The resurgence of malaria in Pakistan switched the research priorities of the 
Pakistan Medical Research Centre from field releases of Cx. tritaeniorhynchus to 
Anopheles culicifacies Giles, the primary malaria vector in Punjab. Because this 
species obligatorily rests indoors and feeds mostly on cattle, rural villages formed 
“island” populations that were semi-isolated (Reisen, Mahmood and Parveen 1980; 
Reisen, Mahmood and Azra 1981) and, therefore, more conducive for release 
experiments than were large, undelineated Cx. tritaeniorhynchus populations. Initial 
releases used males carrying a complex chromosomal rearrangement (see Table 2, 
Exp. 1). These males were equally competitive for field females when male ratios 
were based on collections from resting sites, but were not competitive if male ratios 
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Table 1. Summary of mating competitiveness of male Culex tritaeniorhynchus released near 
Lahore, Pakistan, carrying translocations to induce sterility for their sisters (Lab), progeny of 
wild caught females (WC F1) or unmarked host-seeking females (Target) (Data summarized 
from Baker et al. 1979; Reisen et al. 1980) 


1977 Experiment 1978 Experiment 
Males Trans. Trans. Trans. Trans. Trans. 
Released 167,291 107,759 
All males 5,584 4,427 12,999 5,446 3,079 
Released 578 859 1,615 353 298 
w 0.90 0.81 0.88 0.94 0.90 
Females Lab WC FI Target Lab Target 
Total rafts 94 266 2,541 155 800 
Sterile 18 9 0 23 1 


it 0.81 0.97 1.00 0.85 1.00 
Comp. (E 0.15 0.00 Ol 001. 


Trans., males carrying translocations. 

w = proportion of fertile or target males among all males 

f= proportion of females mating with target males among all males 
E, competitiveness = w/(1-w )x(1-f)/f (Grover et al. 1976) 


were estimated from samples from swarms, the actual site of mating (Baker et al. 
1980). Because releasing fertile males or females potentially could increase focal 
malaria transmission, emphasis was switched from partially fertile chromosomal 
rearrangements to chemosterilized males that had been produced using a genetic 
sexing system (Reisen et al. 1981b). In a second experiment (see Table 2, Exp. 2), 
chemosterilized males were not competitive in nature, although in quality-control 
laboratory trials they were equally competitive against wild type colonized males (e = 
0.82). 


Table 2. Summary of mating competitiveness of male Anopheles culicifacies released at 
villages near Lahore, Pakistan for females from the unmarked target population (UM) or 
released as pupae (P) or adults (A) with Sattoki (SAT) or Kot Baghicha Sing Walla (KB) 
genetic backgrounds (Data summarized from Baker et al. 1980; Reisen et al. 1981b) 


Exp. | Exp. 2 
Males Trans. GS+Chem GS+Chem GS+Chem GS+Chem GS+Chem 
Sterile male 1,604 1,182 946 1,066 809 Sill 
All males illey2 715 551 948 799 2,972 
Released males 113 97 ail 159 181 313 
w 0.90 0.86 0.78 0.83 0.77 0.90 
Females UM SAT-P SAT-A KB-P KB-A UM 
All matings 538 45 204 105 218 1,417 
Sterile matings 68 4 14 4 33 49 


f 0,8Tivi00 300.91 0.93-105290-96.s11-21i 0385 0.97 
Comp aA Re 6 00 = 0a 8 


Trans. = translocation, GS = genetic sexing system, Chem. = chemosterilized 
_ w, f and E abbreviations follow Table 1. 
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A parallel genetic-control programme was initiated on Culex tarsalis Coquillett in 
California during the 1970s. This mosquito is the most important arbovirus vector in 
western North America, and like Cx. tritaeniorhynchus, is an outdoor-resting 
mosquito that forms large, vagile populations that exploit the extensive agro- 
ecosystems of the Central Valley. Initial trials were conducted in outdoor cages and 
focused on males carrying several translocations (McDonald et al. 1978; McDonald 
1980; Terwedow et al. 1977). These males were not highly competitive and mass 
production facilities were limited at this time, precluding large field-release 
experiments. Therefore, initial control attempts used males that were collected in the 
field as pupae, sexed using a mechanical device, irradiated, and released into a semi- 
isolated foothill population (see Table 3, Exp. 1). Encouragingly, irradiated males 
were equally competitive with field males for field females; however, the growth rate 
of this semi-isolated population exceeded our ability to collect field mosquitoes, and 
control was not achieved (Reisen et al. 1981a). The following winter a mass- 
production insectary was constructed and a new colony from the target population 
was amplified for 3 generations in a circular mating scheme to conserve variability. 
The following spring inundative releases with irradiated males failed to suppress the 
vernal rise in the field population or produce >10% sterility (see Figure 1). Failure 
here again was attributed to assortative mating (Reisen et al. 1982); that is, released 
laboratory males were not competitive for field females, but were supercompetitive 
for sibling females (see Table 3, Exp. 2). 


Table 3. Summary of mating competitiveness of male Culex tarsalis released into semi- 
isolated foothill populations near Bakersfield, California for females from the unmarked 
target population (UM) or released females with a field or laboratory genetic background 
(Data summarized from Reisen et al. 1981a; 1982) 


Experiment | Experiment 2 
Environment Cage Field Cage Cage Field Field Field 
Irrad. Irrad. Irrad. Irrad. Irrad. 
Males Irrad. Field Irrad. Field Lab Lab Lab Lab Lab 
Sterile male 71,000 85,000 
All males 2,000 151132 1,600 1,600 862 256 256 
Irrad. males 1,000 93 800 800 12. 47 47 
Ww 0.50 0.92 0.50 0.50 0.87 0.82 0.82 
Females Field UM Field-Fl Lab  Target-P Field Lab 
Total rafts 16 1,309 31 34 349 101 196 
Sterile 7 131 18 23 28 12 88 
f - 380:56 0.90 0.42 0.32 0.92 0.88 0.55 


Comp. (E 0.78 058 


Irrad., sterilized by irradiation; P, females emerging from field-caught immatures 
w, fand E abbreviations follow Table 1. 


Concurrent with sterile-male research, a recessive genotype of Cx. tarsalis refractory 
to western equine encephalomyelitis virus infection was produced after repeated 
selection (Hardy et al. 1978). To simulate a release to establish this or other 
engineered genotypes into a field population, we mass-produced and then released 
males homozygous for the recessive eye-colour mutant, carmine eye (Reisen et al. 
1985). Carmine eye was an excellent candidate for this experiment, because although 
immatures were easy to detect morphologically in all instars, adults appeared wild 
type (Asman 1975). Despite inundative releases of both males and females during 
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Figure 1. Proportion of sterile males among all males (Sterile M) and sterile egg rafts 
among all rafts (Sterile R) following the release of irradiated Br80 males at a semi-isolated 
site in the foothills near Bakersfield, California, during 1981 (Figure redrawn from Reisen 


et al. 1982). 


spring, the mutant genotype failed to become established at high levels in a semi- 
isolated foothill area (see Table 4). Released males were found to be competitive for 
their siblings, but not for field females. Interestingly, the heterozygous +/car genotype 
was detected 27 months later at a low rate (1 pos/107 families tested) by backcrossing 
phenotypically wild-type males from the field to car/car females. Poor mating 
competitiveness of laboratory-reared Cx. tarsalis males may have been related to 
assortative swarming behaviour, because released males swarmed mostly in space 


Table 4. Percentage of Cx. tarsalis that were carmine eye (car) based on the numbers marked 
with fluorescent dust or whose progeny were genetically car/car (data from Reisen et al. 


1985) 


Number % car % car/car 


Male sampling __ collected dusted Families mated 
47 102 69 


Red boxes 795 


Top swarms 623 3 67 5 

Space swarms 503 61 69 65 
Females 

Red boxes 301 45 340 59 

Traps SELVA 55 


Competitiveness for car/car females 1.62. 
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swarms near the ground within breaks in vegetation, whereas males from the target 
field population swarmed predominantly above the vegetation. Colonization 
apparently selected for a deme that swarmed and mated most frequently within space- 
delineated swarms, but this deme comprised only a small portion of the target 
population. 


Lessons 


Important lessons learned from our field-release experiments (Reisen 1985) may be 
summarized as follows: 


1. Sex. Males were chosen for release, because release of blood-feeding females may 
increase disease risk by enhancing the rate of transmission. Because much less is 
known about male than about female biology, design of male-sampling protocols, 
understanding target-male population age and reproductive structure, and selecting 
the time and place for releases was less well informed than if females had been 
released. Clearly future emphasis should include detailed studies on male biology 
and mating behaviour to develop the most effective release strategy. 

2. Release. Males must be released at the correct time and place to swarm and mate 
competitively immediately after release. Correct photoperiod entrainment in the 
laboratory is critical. In one release of An. culicifacies males failed to egress from 
shelters and swarm at the correct time of the day, because they had been entrained 
on an aberrant midsummer insectary photoperiod (Baker et al. 1980). 

3. Colonization. Only demes able to reproduce in laboratory cages become colonies; 
field genotypes may be lost in as few as three generations in the laboratory 
(Reisen et al. 1982). Research is needed to improve colonization techniques so 
that the field genotype is retained within laboratory strains. 

4. Competitiveness. Laboratory, outdoor cage, and/or field evaluations must use 
female and male genotypes representative of the target population. Even vigorous 
laboratory strains may mate assortatively when released back into the parent 
population and, therefore, may not be competitive with wild-type mosquitoes. 

5. Addition rate. Improved methods are needed to estimate the addition rate 
(emergence + immigration) into the target population to estimate the number of 
inseminations required per day. Inundative releases of Cx. tarsalis during the 
spring with either irradiated males or an eye-colour mutant failed to prevent the 
normal increase of the vernal population or to introduce the eye-colour mutant 
successfully into the field population at high levels. 

6. Transgenic mosquitoes. Releases of transgenic mosquitoes probably will face 
similar challenges as did sterile-male releases, even if both males and females are 
released. Development of mechanisms to drive engineered genotypes through the 
target population would seem essential for success and to prevent repeating the 
mistakes made in the past. 
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Genetic-control trials and the ecology of Aedes aegypti at the 
Kenya coast 


L. Philip Lounibos* 


Abstract 


This review summarizes results of field trials for the genetic control of Aedes 
aegypti conducted in coastal Kenyan villages in 1974-75. Two separate releases, in 
dry and wet seasons, of translocation-heterozygote males induced 60-70% sterility in 
offspring of native Ae. aegypti but did not reduce adult-mosquito population sizes in 
the release villages because of density-dependent larval mortality. A translocation 
homozygote, released for population replacement, failed to colonize village 
environments because of inferior fitness characteristics, including an aversion for 
Ovipositing in clay water pots, the primary indoor breeding container used by native 
Ae. aegypti. The Mosquito Biology Unit of ICIPE, spawned by these genetic-control 
experiments, contributed a rich harvest of information on the ecology, genetics, and 
behaviour of coastal Kenyan mosquitoes, particularly Ae. aegypti. Some examples 
cited here are the differences that separate sympatric feral and domestic populations 
of this species in this region of Kenya and the regulation of adult population sizes of 
indoor Ae. aegypti by larval food resources and human behaviour. 


Keywords: Aedes aegypti; density dependence; fitness; genetic control; Kenya; 
translocations 


Introduction 


A surge in research on vector genetics in the 1950s and 60s spearheaded interest in 
applying this growing knowledge to vector control (Wright and Pal 1967). Among the 
genetic-control mechanisms proposed was the introduction of chromosome 
translocations into natural populations of vector species (Pal and LaChance 1974). In 
females heterozygous for induced translocations, these chromosome rearrangements 
cause various levels of infertility (Robinson 1976), which, at least on theoretical 
grounds, can be perpetuated into subsequent generations. Individuals carrying two 
different types of translocations (double heterozygotes) are expected to introduce 
proportionately more sterility (Uppal, Curtis and Rai 1974). Preliminary results from 
India and Florida, USA suggested that some translocation heterozygote males of 
Aedes aegypti (L.) mated competitively with wild females after field releases (Grover 
et al. 1976; Seawright et al. 1976). 

An alternative use of chromosome rearrangements was proposed for driving 
desirable genes, such as refractoriness for pathogens, into vector populations through 
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releases of translocation homozygotes (Curtis 1968). In principle, population 
replacement is facilitated by matings between native vectors and released 
homozygotes, which then yield semisterile, translocation-heterozygote offspring 
(Curtis 1968; Lorimer, Lounibos and Petersen 1976). 

Field trials were conducted in the 1960s and 70s for genetic control of Aedes, 
Anopheles and Culex mosquitoes, among which were projects in India, the USA and 
Kenya where translocated mosquitoes were released. In the early 1970s the coast of 
Kenya was selected as a field site for genetic-control trials on Ae. aegypti because of 
(a) year-round breeding of this species in discrete and experimentally tractable 
villages; (b) affiliation with, and support from, the recently established International 
Centre of Insect Physiology and Ecology (ICIPE) in Nairobi; (c) major funding to test 
the feasibility of genetic control from USAID to G.B. Craig, Jr., University of Notre 
Dame, a member of the ICIPE advisory board. The Mosquito Biology Unit (MBU — 
also the Kiswahili word for ‘mosquito’) of ICIPE, later renamed the Coastal Research 
Station, was established in 1971 and headquartered in a colonial beach estate north of 
Mombasa island. 


Chromosomal Translocations and Sterility 


A translocation is a chromosomal rearrangement resulting from the simultaneous 
breakage of two non-homologous chromosomes and the subsequent interchange 
of the broken segments. Translocations can be induced in insects by irradiation 
and maintained by crosses to appropriate marker stocks. Among wild Ae. aegypti 


females mated to released males bearing translocations, the incidence of sterility 
was measured as the proportion of non-hatching eggs. For experiments conducted 
in Kenya, matings to single translocation heterozygote males yielded 50% 
infertile eggs and matings to double translocation heterozygotes produced 
approximately 75% non-hatching eggs (McDonald, Hausermann and Lorimer 
1977; Petersen, Lounibos and Lorimer 1977). 


Preliminary site and mosquito population characteristics 


The choice of the Kenya coast was influenced by the relatively comprehensive 
knowledge of local mosquito natural history accrued by colonial entomologists (e.g. 
Teesdale 1959; Van Someren, Teesdale and Furlong 1955; Van Someren, Heisch and 
Furlong 1958). Aedes aegypti in this region was already known to be composed of 
two, morphologically distinguishable forms, the more anthropophilic of which was 
found predominantly indoors in human dwellings (McClelland 1960; Van Someren, 
Teesdale and Furlong 1955). 

The Rabai area, approximately 25 km west of Mombasa, was chosen as an 
experimental site because of (a) easy accessibility from Mombasa; (b) year-round 
larval habitat for domestic Ae. aegypti, typically in clay jars maintained indoors for 
water storage; (c) compact villages of 15-40 houses, often separated by 0.5-2.0 km, 
which could be regarded as experimental units; (d) the hospitality of the Warabai 
people, one of the mijikenda (nine tribes) of the Kenya coast (Spear 1978). 

The Rabai area is situated on a coastal plain of porous, sandy soil, with a 
peridomestic vegetation dominated by coconut palms and an understorey of scattered 
mango, cashew, and citrus trees. Small patches of indigenous forest were protected 
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from destruction by their religious significance or by their occurrence on the steep 
embankments of the Kombeni River. Considerable brush and scrub had been cleared 
for cultivation of crops such as maize, beans, and sweet potatoes. The climate of the 
region is influenced by SE and NE monsoons, which typically promote two annual 
rainy periods, the wetter usually in April-May and the other in November-December. 

Prior to releases of translocated mosquitoes, estimates of adult population sizes of 
Ae. aegypti in villages of 26-34 houses were made by applying Bailey’s, Jolly’s and 
Lincoln’s methods to mark-recapture data. Results from independent estimates in 
seven different villages yielded adult numbers ranging from 635 to 1200 individuals 
(Lorimer, Lounibos and Petersen 1976; McDonald, Hausermann and Lorimer 1977; 
Petersen, Lounibos and Lorimer 1977). 

Dispersal of adult Ae. aegypti in the peridomestic environment was also 
investigated by mark recapture. When released outside a village, recaptures within the 
village dropped off markedly beyond 200 m away from the village complex 
(McDonald 1977b). Within a village, most dispersal occurred within 20 m of the 
release house and was independent of mosquito age (McDonald 1977b). Most Ae. 
aegypti were recaptured in only one or two houses, but a few visited as many as five 
(Trpis and Hausermann 1986). Independent estimates of daily survivorship were 0.83 
and 0.89 for females and 0.69 and 0.77 for males (McDonald 1977a; Trpis and 
Hausermann 1986). 

The seasonal stability of the indoor form, Ae. aegypti aegypti, contrasted sharply 
with the episodic appearance of the feral Ae. aegypti formosus after rainfalls 
(Lounibos 1981; Trpis and Hausermann 1986). House-entering propensity was shown 
to be a characteristic of the indoor form (Trpis and Hausermann 1975) and genetically 
determined (Trpis and Hausermann 1978). These authors proposed that peridomestic 
samples of Ae. aegypti represented rainy-season hybridization between feral and 
domestic forms (Trpis and Hausermann 1978), but they did not rule out that these 
samples were composed of mixtures of these forms. 


Production and releases of translocated Ae. aegypti 


Three independent releases of translocation heterozygotes and a homozygote were 
conducted between early 1974 and mid-1975 (see Table 1). The first release was 
composed of a mixture of single and double translocation-heterozygote males 
produced by irradiation of Ae. aegypti from the Rabai area (McDonald, Hausermann 
and Lorimer 1977). The average fertility of released males mated with caged Rabai 
females was 37%. 

A mean of 814 translocated males was released daily for 10 weeks during the dry 
season into Chibarani (CHI) village, whose native Ae. aegypti population was 
estimated to be 635 adults (McDonald, Hausermann and Lorimer 1977). Although the 
fertility of eggs collected towards the end of the release period decreased to below 
40%, after the cessation of releases the egg hatching capacity increased rapidly, and 
there was no evidence for a reduction in adult population size of domestic Ae. aegypti 
in CHI. McDonald, Haéusermann and Lorimer (1977) suggested that density- 
dependent larval mortality in breeding containers buffered the productivity of adults 
from any measurable effect of the temporary reduction in fertility. Despite the rapid 
rebound of the mosquito population in CHI to normal fertility, genetic markers linked 
to the translocation were detected at low levels for nearly one year after the cessation 
of releases (Lorimer 1981). 
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The second release experiment, using a translocation homozygote (T3) induced in 
Ae. aegypti from New Delhi, India, was conducted late in 1974 and early in 1975. 
During the initial nine weeks of releases 500 pupae, homozygous for both the 
translocation and the red-eye (re) mutation (Craig and Hickey 1967), were released 
daily in three villages (see Table 1). Owing to poor initial recovery, the genetic 
marker of the release stock was switched from re to s (spot) approximately mid-way 
through the experiment, and adult releases substituted for pupal. During the releases 
of translocation-homozygote adults, the frequency of the s phenotype rose from 1.8% 
to 45.0% among Ae. aegypti collected as eggs in the release villages and from 5.6% to 
84.7% in adult landing collections (Lorimer, Lounibos and Petersen 1976). However, 
the frequency of s among pupae collected from clay pots was not significantly 
different from that in a reference village. Furthermore, there was no sign of decreased 
hatching capacity of eggs from females emerging from pots, which would have 
indicated wild-type X T3 homozygote matings in the field. Subsequent experiments 
revealed that the T3 homozygotes were deficient compared to wild Rabai Ae. aegypti 
in various measures of fitness, such as fertility, larval developmental time, larval and 
adult survivorship, and mating competitiveness. Most strikingly, oviposition substrate 
preferences of the T3 strain were markedly different from wild Ae. aegypti aegypti 
from Rabai, which preferred clay surfaces, while the translocated stock did not 
(Lorimer, Lounibos and Petersen 1976). 

A final release was conducted in the main rainy season of 1975 using double 
translocation-heterozygote males produced by crossing T3 translocation homozygotes 
with another (T4) translocation homozygote isolated from Ae. aegypti from the Rabai 
area (Petersen, Lounibos and Lorimer 1977). Eggs from crosses of males of the T3/T4 
heterozygote with wild-type females were 77% sterile. A mean of 517 translocation 
males was released daily for nine weeks into a village containing an estimated 1200 
native Ae. aegypti aegypti adults (see Table 1). During releases, the hatching capacity 
of eggs from females captured at landing catches dropped from 93% to 30-40%. For 
more than eight weeks after the cessation of releases, egg hatching capacity levels 
gradually increased but remained lower than those in a nearby reference village. A 
decline in adult numbers in the release village occurred too early to be attributable 
solely to sterility induced by the translocation. Petersen, Lounibos and Lorimer (1977) 
concluded that insufficient sterility had been introduced to affect adult population 
size, which is regulated by density-dependent mortality of larvae in water jars. 


Related ecological and genetic research on Ae. aegypti in the Rabai 
area 


During the first heterozygote release in CHI, the domestic Ae. aegypti population 
in the nearest village, Kwa Dzivo (KDZ) was suppressed by sieving the contents of all 
water-storage jars twice weekly to remove and kill all mosquito larvae and pupae. 
This exercise eliminated a source of mosquito immigration, and the defaunated village 
served as a reference standard for Ae. aegypti population suppression (McDonald, 
Hausermann and Lorimer 1977). The absence of native mosquitoes in KDZ during the 
water-straining period did not, however, facilitate the colonization of this ‘empty 
niche’ by the T3 translocation homozygotes marked with red-eye (Lorimer, Lounibos 
and Petersen 1976). 
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The suppression by water sieving performed in KDZ was repeated in 
Mwamrundogo (MWN) for 16 consecutive weeks from late 1974 through early 1975 
to corroborate the results in KDZ, to examine the time course of recolonization by Ae. 
aegypti after the conclusion of pot cleaning, and to investigate house entry by Ae. 
aegypti formosus in the absence of its domestic conspecifics. Egg numbers from 
ovitraps and adults from landing catches began to decline in MWN in comparison to a 
reference village less than two weeks after the onset of water sieving (see Figure 1). 
With one exception, egg and adult numbers remained below reference-village levels 
for at least five weeks after the conclusion of pot cleaning. No evidence for increases 
in house entry by Ae. aegypti formosus was detected during the suppression period 
(Petersen 1977). 

Container-inhabiting mosquitoes of the Rabai area were censused for 
approximately 18 months by suspending water-holding bamboo sections to monitor 
oviposition in different vegetation zones. Among 22 mosquito species recovered, Ae. 
aegypti formosus was most abundant in cultivated and ecotonal zones of a vegetation 
transect (Lounibos 1981). Among six other related species of the subgenus Stegomyia 
common on this transect, Aedes metallicus was most abundant close to houses, and 
the two forest species, Aedes heischi and Aedes soleatus, were spatially segregated by 
preferences for different heights from the forest floor (Lounibos 1981). 

Petersen (1977) performed a series of releases of native Ae. aegypti formosus and 
Ae. aegypti aegypti to investigate their behaviour and habitat fidelity, as well as to 
seek evidence for their hybridization, in village environments. When virgin female 
Ae. aegypti formosus were released simultaneously with male Ae. aegypti aegypti, 
significantly more offspring of intermediate phenotype were collected in the release 
village compared to a reference village. Releases of both sexes of Ae. aegypti 
formosus resulted in some increases of this form in indoor ovitraps. Overall, 
Petersen’s (1977) release experiments supported the accumulating evidence that these 
subspecies are usually segregated by distinctive habitat preferences and biting 
behaviour (McClelland 1960; McClelland and Weitz 1963), but population growth 
and dispersal of the feral subspecies during the rainy season increases the potential for 
hybridization between the forms and occasional house entry by Ae. aegypti formosus. 

Isozyme electrophoresis was performed on Ae. aegypti aegypti samples collected 
from two villages (MGN and MAJ) over the course of one year. Analyses of 23 
enzyme loci indicated temporal stability of gene frequencies but significant 
differences between villages (Tabachnick and Powell 1978). These results suggested 
that individual villages were panmictic units, a condition which has important 
implications for vector control by genetic modifications. Isozyme methods also 
elucidated the genetic relationships among populations of feral Ae. aegypti formosus 
from Rabai and elsewhere on the Kenya coast and to indoor Ae. aegypti aegypti from 
three villages (MAJ, MGN, KBW). Genetic distances obtained from allele-frequency 
data confirmed the genetic distinctness of the sympatric feral and domestic forms but 
were not sufficiently high to preclude restricted gene flow between these morphs and 
did not warrant their description as separate species (Tabachnick, Munstermann and 
Powell 1979). 

Subra (1983) examined the population dynamics of Ae. aegypti aegypti pupae in 
KBW village by daily counts of pupae in all 53 indoor water pots, coupled with 
observations on domestic water use in that community. He determined that the rhythm 
of water replenishment and the accidental introduction of food into water jars 
regulated pupal numbers. If water replenishment occurred more often than once per 
week, pupal numbers were low. Among pots with less frequent water renewal, pupal 
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Figure 1. Mean numbers of eggs and adult Ae. aegypti captured per day in a reference village 
(MAJ) and in a neighbouring village (MWN) in which all domestic water pots were sieved 
twice weekly, for 16 weeks as indicated in the top-panel inset, to remove the aquatic stages 
of this species. Eggs were collected on cloth oviposition strips set for three days per week in 
each house of MAJ (n=28) and MWN (n=24). Weekly landing collections of adults were 
performed by three collectors who spent 10 minutes in each house during the mid-morning 
biting interval of Ae. aegypti. 
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productivity was especially high in houses where young children introduced maize 
gruel into pots when withdrawing water with a ladle that had been contaminated with 
food particles by prior contact with the mouths or hands of the children. 

Subsequent experimental manipulations of the contents of water jars in KBW 
showed that addition of maize gruel, but not of first instar Ae. aegypti larvae, 
significantly increased pupal productivity (Subra and Mouchet 1984). These results 
confirmed the natural surfeit of Ae. aegypti eggs in breeding containers and the 
density- and resource-dependent nature of population regulation in this species. Subra 
and Mouchet (1984) cautioned that population suppression of Ae. aegypti by 
introduced sterility would succeed only if egg hatching capacity could be reduced to a 
very low (still unknown) level. 


Conclusions and postscript 


The releases of translocated Ae. aegypti into Rabai villages were driven by the 
schedule of a generous but time-limited contract from USAID. Biological 
characteristics of the translocation strains, especially their fitness relative to native Ae. 
aegypti, were poorly known prior to releases because the exigency to fulfil the 
principal objective of the project, i.e. to perform releases, outweighed a more 
systematic approach that incorporated thorough pre-testing. Translocations suitable 
for release were neither as easy to isolate or to propagate as had been hoped, which 
limited the sources of mosquitoes available for release while the funding-agency clock 
was ticking. For example, the release in Kenya of genetically modified Ae. aegypti of 
Indian origin was a priori inappropriate, but no other translocation homozygote was 
available to perform this proposed experiment. Also, although the release 
environment for adult Ae. aegypti in the Rabai area was reasonably well 
characterized, little thought and no research was committed to investigating the 
underlying factors controlling population regulation, such as density-dependent larval 
development, which elsewhere had been previously identified in Ae. aegypti 
(Southwood et al. 1972) and might resist genetic control. 

Despite such shortcomings, the MBU project can be regarded as successful in 
terms of new insights into the ecology, behaviour and genetics of natural Ae. aegypti 
populations. Highlighted discoveries include the genetic distinctness of sympatric Ae. 
aegypti formosus and Ae. aegypti aegypti, and the impact of larval density dependence 
and human behaviour in regulating domestic Ae. aegypti populations. Unfortunately, 
because the genetic-control experiments did not succeed in suppressing Ae. aegypti, 
some of the more basic and enduring contributions of MBU have been obscured by 
the failures of the project’s more feted and applied objectives. In addition to the 
research accomplishments on Ae. aegypti, related projects at MBU and the ICIPE 
Coastal Research Station produced important insights into the ecology of other 
container-inhabiting mosquito species and of coastal vectors of human filariasis and 
malaria. 

In the context of renewed interest of manipulating the genetics of natural mosquito 
populations (e.g. Scott et al. 2002; Alphey et al. 2002), at least four lessons from the 
MBU experience may be instructive: (1) the population dynamics of the target 
population needs to be well understood before introducing the foreign element(s); (2) 
the fitness of the released mosquitoes relative to wild targets requires rigorous testing; 
(3) if population suppression via introduced sterility (e.g. Curtis 2002) is an objective, 
sterility levels must be very high to reduce adult numbers of species such as Ae. 
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aegypti; (4) changes in human behaviour might accomplish reductions in vector- 
human contact more simply than genetic-control interventions. 
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May the force be with you: measuring mosquito fitness in 
the field 


J.D. Charlwood 


Abstract 


Fitness of natural mosquito populations is discussed with relevance for the 
introduction of genetically modified (transonic) mosquitoes for the introgression of 
desired genetic traits into wild populations. Here fitness is considered with respect to 
selection pressures and mortality rates that affect wild mosquito populations. 
Selection pressures on different life stages are discussed, and examples for the 
estimates of population age structure and survival rate are presented. It is argued that 
the release of transgenic mosquitoes should be confined to males, with a critical 
assessment of mating success. Recent models of population replacement show that 
very high levels of population replacement are required for a transgenic trait to be 
effective, and that such replacement may take hundreds of years. 


Keywords: fitness; mosquito; Anopheles gambiae; ecology; survival; age structure; 
behaviour 


The future of entomological research focusing on manipulation of insect populations should belong to 
a strategy founded on explaining the biological mechanisms that influence insect vital rates and linking 
this understanding to the fundamental actuarial and demographic properties of populations. 

(Carey 2001) 


The concept of fitness as a technical term is a confusing one. It is confusing because it can lead 
philosophers to think the whole theory of natural selection is a tautology. And it is confusing even to 
biologists because it has been used in a least five different senses, many of which have been mistaken 
for at least one of the others. 

(Dawkins 1982) 


It must also be accepted that estimates of the probability of survival, based on the exponential model, 
of the sort that have been used by many of us in the past 30 years, can only be regarded as, at best, 


approximations. 
(Gillies 1988) 


Control of malaria by the release of genetically modified mosquitoes refractory to 
transmission is now becoming a possibility. One of the key issues involved is the 
effect that such a manipulation might have on the insects’ ability to survive and 
reproduce in the environment in which they are released, in other words their fitness 
(Hartl and Clark 1989). A given level of success in a growing population demands a 
higher level of apparent success than it would in decline. Members of the Anopheles 
gambiae complex are prime targets for this technology. Releases under most of the 


* Danish Bilharziasis Institute, Jaegersborg Alle 1D, DK-2920 Charlottenlund, Denmark. E-mail: 
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conditions where An. gambiae occur were simulated in a spatially explicit model of 
transposon-based genetic mechanisms for displacing fluctuating populations of 
anopheline vectors. Situations where there is a long dry spell, with the likelihood of 
an annual bottleneck (such as occurs in the Sudan), situations where perennial 
breeding occurs and where there is at most a short dry spell (such as occurs in tropical 
islands) were simulated. They also simulated releases made at random in a meta- 
population of a hypothetical mosquito with characteristics like An. gambiae in a grid 
of 306 ‘villages’; in a linear fashion along a hypothetical road; marginally (as if on a 
coast) and in a clumped fashion (a situation which might occur if releases were 
undertaken by different authorities of differing efficiency). In all cases the model 
indicated that fitness of the released mosquitoes relative to those they were meant to 
replace was the most powerful lever from which to effect fixation. “Fitness levels 
below 70% would appear likely to fail even when release ratios greatly favour 
transposon bearers, releases are repeated annually and all other conditions are 
optimal’ (Kiszewski and Spielman 1998). 

Fitness estimation, however, is difficult, largely because of its biological 
complexity. As pointed out by Williams (1992) a mere count of offspring produced 
will not be an accurate measure of ultimate success, unless one also knows the fitness 
of competing members of the population. The large sample sizes needed also hinders 
assessment of fitness. ‘Fitness’ is an operational measure applied to a genotype, 
usually at a single locus (Dawkins 1982). The fitness of a genotype is defined as 1- s, 
where s is the coefficient of selection against the genotype (Falconer 1960). The 
genetic code of An. gambiae has recently been published (Holt et al. 2002) and 
genome-wide sampling is becoming possible. Genome-wide sampling has the 
advantage over conventional single-locus population genetics in that both locus- 
specific and genome-wide effects can be distinguished (Black et al. 2001). The co- 
efficient of selection can be measured indirectly using molecular approaches and 
directly by assessment of lifetime fecundity. Molecular approaches, whilst estimating 
the effects of selection, do not measure fitness components. They are retrospective 
and result in statements about past natural selection without determining what the 
mechanism of selection is nor do they provide estimates of population prediction. 
Phylogenic effects do not therefore answer questions concerning what factors favour 
the selection of particular suite of traits nor about the trade-offs involved (Roff 1992). 
Nevertheless, differences between populations can help us make inferences about the 
selective consequences of present-day migration (Via 1994). 

Population genomics is generally restricted to single-copy nuclear genes (scnDNA) 
that form the genetic basis of adaptations. Thus, genotype and life-history traits can be 
related. Life-history traits ‘include biological features that confer fitness alone, or in 
combination, with the latter often involving trade-offs’ (Statzner, Hildrew and Resh 
2001). Since allelic substitution may have pleiotropic effects mortality rates need to 
be obtained at any of the points where selection can occur. With such information life 
tables can be constructed and the age-specific mortality schedule determined. The 
age-specific mortality schedule is the series of probabilities that an individual alive at 
age x dies before age x + 1 (Carey 2001). This serves as a foundation for all other life- 
table functions. Although it is clearly easiest to think about finite survival rates (and 
survival data should usually be reported in this form), the continuous analogue of this 
measure, the force of mortality (qx), is preferred by demographers because it is not 
bounded by unity. The force of mortality is defined as the mortality rate that 
represents the limiting value of the age-specific mortality rate when the age interval to 
which the rate refers becomes infinitesimally small (Carey 2001). It is as likely to be 


48 


Charlwood 


dependent on environmental as on intrinsic factors. The force of mortality typically 
follows a U- shaped course — from very high at the earliest stages followed by a 
trough created by the increase through the reproductive life span. The rate of ageing 
of very old individuals may, however, be much slower than that of younger 
individuals. 

A number of approaches have been used for the estimation of selection and 
mortality rates. These can be split broadly into two classes: laboratory manipulation, 
and field sampling of different age classes. Components of selection can be 
determined at different stages of the life cycle. In the remainder of this article I will 
attempt to describe a few of the points where selection might occur. I will conclude 
with a brief overview of methods used to determine female longevity since this is a 
key component in estimating lifetime fecundities. 


Egg to larva 

Not all eggs that are laid will produce offspring. Mortality in eggs is probably the 
most difficult transition to measure and has yet to be attempted in anophelines. The 
biggest problem may be a suitable sample of eggs. 


Larva to adult 

Larvae and adult mosquitoes occupy different environments and genes which 
confer an advantage in the larval stage might be disadvantageous in the adult stage. 
Larvae are often aggregated in space and random sampling is difficult. Adequate 
sampling of young instars and pupae is also a difficulty when using standard sampling 
tools such as the mosquito dipper. This is likely to bias estimates of stage-specific 
survival. Total collection of larvae in quadrats (using a tin cylinder stuck into the 
mud) in a potential breeding site was possible in Sao Tomé. Instar-specific 
survivorship curves for sample data from Kisumu in Kenya (Service 1977) and 
Riboque in Sao Tomé are shown in Figure la and b and the corresponding forces of 
mortality in Figure Ic and d. In both cases mortality from first instar to pupae was 
greater than 90%. Adult mass at emergence is a measure of nutritional state whilst a 
larva and should be included as a co-variate in any analysis of age-specific mortality 
of adults. Reproductive success, in females at least, is correlated with size (Lyimo and 
Takken 1993; Ameneshewa and Service 1996; Takken et al. 1998). Wing length, 
which is well correlated with dry weight can be used as a proxy for mass (Lyimo and 
Takken 1993; Lounibos et al. 1995; Takken et al. 1998). At times of stress smaller 
larvae will not survive and hence adult sizes at emergence will be skewed. This is 
seen to happen in tree-hole mosquitoes, and was the case for the univoltine temperate 
mosquito Aedes cantans (Renshaw, Service and Birley 1994). It might be expected 
that insects occupying temporary, resource-limited habitats, as do An. gambiae, would 
suffer from such stress. Nevertheless, despite the high mortality among larvae, wing- 
length distributions of both male and female An. gambiae from Tanzania (Lyimo and 
Takken 1993) and Sao Tomé were close to normal (see Figure 2). Thus, competition 
(and hence differential fitness) was not observed and could not be measured. 
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Teneral adults 


Adult insects are perhaps at their most vulnerable during and shortly after 
emergence (see Plate 1), but mortality in young adults has rarely been studied. Young 
males can be distinguished because their terminalia on emergence are un-rotated, a 
process which takes from 12 to 24 hrs depending on temperature, whilst young 
females can be distinguished because their alimentary canal contains meconium, 
waste product retained from the pupal stage. Small individuals tend to survive less 
well than large ones (Takken et al. 1998) and the smallest ones may die before 
undertaking any other activity (Lyimo and Takken 1993). 


BULPUT OF MOBCOTIOS BROM A MARSH CLAIRVOND, 


NET FOR MEASURING THE 
MAURITIUS. 


Plate 1. Ronald Ross in Mauritius collecting emerging adults from a breeding site of 
Anopheles gambiae. 


Fitness in adult males 

In many species sexual selection can have as much or more of an effect on fitness 
as natural selection. Sexual selection may occur among male anophelines for females. 
Okanda et al. (2002) found that male An. gambiae in cage experiments preferentially 
mate with larger females. In the wild, however, no effect of female size on mating 
success of An. gambiae or An. funestus caught in copula was observed (Charlwood et 
al. 2002a). Females are largely monogamous. Given the equal sex ratio at emergence 
an average male will only meet a single female in his lifetime; hence males are largely 
monogamous too. In many animals, including some anophelines (Yuval, Wekesa and 
Washino 1993), it is the males who must compete for females. In many species larger 
males secure more mates than smaller ones. Male size in An. gambiae from Sao 
Tomé, however, did not appear to affect the likelihood of their mating at least once 


(Charlwood et al. 2002a). 
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Young males may be at an advantage compared to older ones (Chambers and 
Klowden 2001). Mahmood and Reisen (1982) dissected male An. stephensi and 
examined the testes and accessory gland to determine mating success. They estimated 
that between 40 and 60% of males had ejaculated the previous evening, which would 
imply a very low survival rate. If male age influences mating success or subsequent 
female fecundity it is a priority that they manage to discover the swarm where they 
may best meet females on the day of their release. It is also important that assortative 
mating does not take place. Should genetically modified An. gambiae ever be released 
they will be the offspring of a population that has changed from a eurygamic one (in 
which mating takes place in large swarms 2m or more above the ground) to a 
stenogamic one (in which mating has to take place in a small cage). In the wild mating 
takes place at dusk over a 20-minute period. By the time it gets dark mating has 
largely ceased (Charlwood et al. 2002b). In colonies, because of light-on/light-off 
regimes the insects may be forced to mate in the dark. Selection for this ability during 
the colonization process may result in insects whose biological clock is slightly 
delayed compared to wild ones. Given the short duration of mating activity this could 
have a major effect on fitness. 

Other factors may also influence the fitness of males. For example, insecticide- 
resistance genes in Culex. pipiens males induce a mating competition cost (Berticat et 
al. 2002). 


Fitness in adult females 

In order to pass on their genes all males have to do is to mate at least once. 
Females, on the other hand, have to survive a number of hazards and an individual 
female’s contribution to the next generation can be much more variable due to the 
variation in the number of egg batches laid. In each oviposition cycle females need to 
locate a host, blood-feed, rest, locate an oviposition site and oviposit. Each of these 
activities is likely to involve separate risks and therefore have its own force of 
mortality. 

Factors such as host defensiveness and infection with malaria parasites can affect 
the likelihood of an insect feeding to repletion on a single host and blood-feeding is 
likely to involve a fitness cost (Edman, Webber and Kale 1972). This cost may 
increase as the density of vectors attempting to feed increases. Nevertheless, the act of 
blood-feeding in Tanzania, at least, did not appear to be hazardous even at the 
exceptionally high densities sometimes observed (Charlwood et al. 1995b). Fecundity 
may also be affected by the quality or type of host blood used (Clements 1999). 
Selection should favour females that choose the most nutritious host, the trade-off 
here perhaps being that the most nutritious host might also be the most defensive. 

Resting, especially in outdoor sites, may involve the risk of death through 
desiccation. Resting in man-made constructions, however, may not involve particular 
risk (Gillies 1988). Thus, resting-site differences may be responsible for lower 
survival of An. arabiensis in the dry season in the Kilombero Valley of Tanzania 
compared to the wet season. In the dry season the species exists in the absence of 
humans (and thus rests outside) and has a lower survival rate than in the wet season 
when insects live in close association with man 
(compare Charlwood, Vij and Billingsley 2000; with Charlwood et al. 1995a). 

The flight to and from the oviposition site may involve a risk proportional to the 
distance flown. Thus, in Papua New Guinea age-specific survival rates of An. farauti 
from three simultaneously sampled coastal villages differed according to oviposition- 
site location (Charlwood 1986). 
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Fitness may also be affected by infection with malaria parasites, although current 
evidence points to there being only a minor effect. In the wild populations infection 
frequencies are generally low (Hurd 2003). Manipulation that made a mosquito 
refractory to infection by Plasmodium might, nevertheless, have a positive effect on 
fitness. Where effects on longevity have been observed it is usually in unnatural 
combinations of vector and parasite and at very high infection rates rarely 
encountered in the wild (Ferguson and Read 2002). Infection with malaria may, 
however, reduce fecundity by follicular resorption (Hogg, Thomson and Hurd 1996; 
Hopwood et al. 2001). The only field study to examine fitness a difference between 
infected and uninfected insects is that of Anderson, Knols and Koella (2000). They 
considered that there was a lower survival among sporozoite-infected insects because 
there was a deficit of infected insects that fed on an unprotected host compared to 
those collected in a cage and unable to feed. 

Estimating lifetime fecundities involves estimating female longevity. The factor 
which most affects fitness in females is the number of egg batches laid. Because of its 
importance a number of methods of estimating female longevity have been developed 
in the field. Available methods for the determination of longevity include: 

1. Studies of the age structure of wild populations 

2. Studies on the rate of disappearance of marked populations 

3. Estimates of the decline of natural populations when recruitment has ceased 

4. Estimations of apodeme growth 

5. Estimation based on infection rates. 

Each has a number of constraints and the most complete picture is obtained when a 
combination of methods is used. In the remainder of this article I will describe some 
of the methods used in more detail. One major constraint of all methods is that they 
assume that age groups are sampled equally in proportion to their relative density in 
the population. Many types of collection, however, appear to under-sample newly 
emerged insects. This is particularly true of the sample obtained resting inside houses, 
and when this collection method is used estimation of the force of mortality acting on 
the youngest insects is often ignored in longevity calculations (Gillies 1988). 
Mosquitoes for longevity determination can also come from landing or light-trap 
collection (Charlwood 1986; Charlwood et al. 1985; 1995a; 1995b). Light traps have 
been accused of under-sampling newly emerged insects (Mboera et al. 2000). In 
Tanzania and SAo Tomé under-sampling did not seem to be a problem since light-trap 
collections on occasion consisted of 80% newly emerged insects (Charlwood 1997; 
Takken et al. 1998). 


Studies of the age structure of wild populations 


With the exception of the first gonotrophic cycle, when two blood meals are taken, 
An. gambiae like other anophelines are generally gonotrophically concordant. 
Dissection of the female genital tract and ovaries enables populations to be described 
in terms of sharply distinguished age classes, defined in terms of the number of egg 
batches previously laid. Such data allow life tables to be constructed and enable age- 
specific mortality rates to be assessed. Should the risk of dying not increase with age, 
survivorship follows an exponential decline and mathematical analysis is greatly 
facilitated. Should mortality increase with age then a Gompertz curve will more 
adequately describe the data. A re-analysis of dissection data by Clements and 
Paterson (1981), including the benchmark data of Gillies and Wilkes (1965) from 
Tanzania, indicated that this was generally the case. In their study Gillies and Wilkes 
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(1965) dissected 3723 An. gambiae and 4003 An. funestus. The survivorship curve of 
the An. gambiae is shown in Figure 3a and the estimated force of mortality of the one- 
parous and older groups, determined according to equations 1-3 in Table 2 of Carey 
(2001), is shown in Figure 4a. The force of mortality increases steadily through adult 
life with a sharp rise in very old insects. 


15 


to?) 1° 
= a b 
ea ( ) 
2 
a 
| 
c 0014 0,1 
2 
5 
& 0,001 | eit 
= 
a 
0,0001 + ; , 
1 6 1 16 21 0,001 


21 


2 2 
2 2 
fa 2 
: : 
s § 
5 5 
2 Q 
£ 2 
a o 
0,001 + 7 T 7 7 <= 0,001 + - r + - 7 
1 6 11 16 21 26 1 6 11 16 21 26 
Age in days Age in days 


Figure 3. Survivorship curves of adult female Anopheles gambiae according to technique of 
estimation: a) physiological age according to the number of egg batches laid (from Gillies and 
Wilkes (1965); b) according to the rate of disappearance of marked individuals (from Gillies 
(1961); c) according to a decline in numbers from a light trap; solid line end of short rains 
1991 (Charlwood et al. 1995a), hatched line wet season 1990 (Takken et al. 1998) and d) 
according to daily cuticular growth lines (Schlein 1979). 


In order to obtain such age-specific mortality it is important that older insects are 
correctly classified. The method relies on the assumption that, following oviposition, 
sequential dilatations (enlargements originating from the remains of follicles), 
corresponding to gonotrophic age are formed in ovarioles and that there is a 1:1 
relationship between gonotrophic age and the largest number of dilatations within any 
one ovariole. However, a more detailed examination of mosquito ovaries, using the 
oil-injection technique, shows that as a mosquito ages the number of ovarioles that act 
as reliable indicators of gonotrophic age (the gonotrophic diagnostic index) tends to 
decrease (Hoc and Charlwood 1990). This means that the older age groups (which are 
anyway rare) may be underestimated leading to overestimates of mortality in older 
insects. The oil-injection technique has only been applied to a limited sample of 
African anophelines (Hoc and Wilkes 1995). 
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Studies on the rate of disappearance of marked populations 


Longevity and age specific life tables can also be estimated from capture-recapture 
experiments. Either insects reared in the laboratory are used (in which case they may 
well have reduced fitness compared to wild ones) or the age of released insects is 
unknown (which is not a problem if survival is independent of age but is a problem if 
it varies with age). In addition, in order to have a chance of obtaining sufficient 
recaptures, very large numbers of insects need to be released. This creates a local 
population whose dispersal and survival may be affected by its high density. The 
standard data set once again comes from Gillies (1961). He marked 132,000 An. 
gambiae either topically with paint or with radioisotopes and recaptured 1,019. Figure 
3b shows the survivorship curve from this data and 4b the estimated force of 
mortality. 

Gillies (1961) concluded that the mortality rate remained constant throughout the 
period in which marked females were recovered, and Figure 4b indicates that the 
force of mortality remained reasonably constant for much of the period with a sharp 
increase in later ages. There is a five-day periodicity in the estimated value. This may 
reflect availability for sampling (which was by indoor spray collection) rather than a 
change in the force of mortality. 
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Figure 4. a-d) Estimated force of mortality (— (In p;.;+ In p,) derived from the data in Figure 
3. 
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Mortality estimates from recapture data always include an unknown component of 
dispersal and hence migration out of the study area. It is therefore important that 
recapture effort extends over a sufficiently wide area so that the loss of mosquitoes by 
emigration is either of negligible proportion or can be estimated (Gillies 1988). 


Estimates of the decline of natural populations when recruitment has 
ceased 


Another way of estimating longevity is to monitor population declines when 
recruitment to the population has ceased. This was done in Tanzania in April 1991 at 
the end of the short rains (Charlwood et al. 1995a), when numbers of An. arabiensis 
collected declined from more than 2000 a night to less than 10 over a period of five 
weeks (Figure 3c). Sporozoite rates increased over this period. Longevity derived 
from this sample was estimated to be 0.84/day similar to estimates obtained by many 
other methods. As with the recapture data of Gillies (1961) mortality rate remained 
constant (Figure 4c), but in this case there was a considerable variation between days. 
This may reflect the inherent ‘noise’ in light-trap samples or may represent the two- 
day oviposition cycle experienced by a cohort such as the one studied. The mean wing 
length of females did not change during the population decline; hence in this case 
survival did not appear to be affected by female size. 

Figure 3c also shows the decline observed from the same light trap with An. 
arabiensis during the wet season of May 1990 (Takken et al. 1998). The marked 
difference in the force of mortality (Figure 5) may reflect differences in the starting 
age of the two cohorts. The population at the end of the short rains in 1991 was almost 
exclusively parous (Charlwood et al. 1995a), whilst that from the wet season of 1990 
was almost exclusively newly emerged (Takken et al. 1998). Difference in estimates 
of longevity may have been due to dispersal out of the catchment area of the trap by 
young insects. Anopheles gambiae shares many characteristics of other insects 
thatundergo the oogenesis-or-flight syndrome (Rankin, McAnelly and Bodenhamer 
1986). Newly emerged females have undeveloped ovaries; they do not feed to 
repletion but take an incomplete meal; this meal is used for adult maintenance rather 
than egg development; breeding sites are temporary; there is a high mortality among 
larvae (and hence a premium on being the first females to find empty potential 
breeding sites rather than lay in already colonized sites); males form stationary 
swarms where mating takes place and during mating males provide a substantial 
mating plug which may have a nutrient function. 

Evidence for dispersal in young insects is, however, only circumstantial. From his 
capture-recapture studies Gillies (1961) concluded that dispersal of released insects 
was more limited during the first two days of adult life than in older insects. This is 
equivalent to the time prior to mating. It takes a minimum of seven days for eggs of 
An. gambiae to develop into host-seeking adults, yet numbers of newly emerged 
insects following rain can increase in five days (Gillies 1954). Under such 
circumstances it is conceivable that the insects are migrating in from areas outside the 
collection site. During the ‘silent years’ after invading Brazil An. gambiae s.l. spread 
at a rate of 60 km a year (Lounibos 2002), although how much of this was man- 
assisted is not known. 
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Figure 5. Estimated force of mortality (4 = — % (In p,1+ In px)) derived from declines in 
population density of cohorts of An. arabiensis from light-trap collections from a sentinel 
house, Namawala village, Tanzania (Carey 2001). 


Estimation by assessment of apodeme growth 


Contrary to popular opinion, adult insects do grow but they grow inwards. The 
apodemes of the thorax show daily growth layers, which can be visualized after the 
insects have been oxidized in potassium permanganate and stained with haematoxylin 
(Schlein and Gratz 1973). Just as the age of trees can be determined by counting the 
annual growth rings, so the age of the insect, in days, can be calculated. The technique 
has the advantage that the age of dry specimens can be determined but the 
disadvantage that it is extremely difficult to perform, and only a single paper has been 
published using field-collected samples (Schlein 1979). The maximum age of samples 
was only 9 days, compared to the more than 20 days obtained from the other methods. 
The survivorship curve redrawn from these data is shown in Figure 3d and the force 
of mortality in Figure 4d. The force of mortality increases with age, although 
variations beyond day 6 probably reflect the small sample size rather than real 
differences in mortality. 


Methods which assume age-independent survival 


Irreversible changes occur in the ovaries following the maturation of the first batch 
of eggs. Division of populations into nulliparous and parous groups has long been 
used to estimate longevity. Survival rate (p) can be determined from the formula p" = 
M, where n is the number of days between emergence and first oviposition and / is 
the parous rate. The method assumes that mortality is the same for all ages and 
requires that samples are made over a complete population cycle (i.e. a year). If this is 
not done irregular recruitment to the population can lead to an error in estimates. 
Whilst random selection of houses in which to run collections for the estimation of 
population size gives better estimates than where sampling is repeated in the same 
houses, estimates of parity do not appear to be affected by sampling schedule 
(Magbity and Lines 2002). 
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Species like An. gambiae, in which the females emerge with undeveloped ovaries, 
may take two blood meals during their first oviposition cycle. Insects in which 
gonotrophic development does not occur are termed pre-gravid. Females can thus be 
divided into three age groups: pre-gravid, nulliparous and parous. Estimates of 
longevity can then be obtained using the formulae of Vercruysse (1985). 

Populations of mosquitoes are rarely in equilibrium. Under these circumstances a 
more reliable technique for the estimation of longevity from nulliparous/parous data is 
to apply cross-correlation analysis to time-series data obtained on a daily basis for a 
minimum of 21 days (Charlwood et al. 1985; Holmes and Birley 1987). For the 
method to work there should be significant cross-correlation between the parous 
insects and the total caught one oviposition cycle earlier. More recently a method for 
calculating mortality rates, correcting for seasonal variations in recruitment has been 
described (Briet 2002). 


Estimation based on infection rates 


Haji et al. (1996) describe a method for determining survival in infected 
mosquitoes by discriminating between the most recent and other oocyst infections. 
They measured oocyst diameter, developed a statistical model which allows for 
overlap in size distributions, and estimated survival rates. The technique is a simple 
one and the preservation of midguts allows for batch processing of material. A 
suitable collection technique would be to sample gravid females as they leave houses 
in search of oviposition sites at dusk. This eliminates the need to identify and separate 
by dissection potentially infected from uninfected females. Gravid females are also 
the easiest category to examine for oocysts. The technique also allows for the 
population genetics of both the parasite and the vector to be studied (and possible 
interactions between them determined). 


Conclusion 


A transgenic release may be confined to males and it will be critical to measure 
mating success of these in the field. In order for a release to be successful they will 
need to mate with wild females on their release. In practice this means that they might 
have two twenty-minute periods over 48hrs, in which to find a swarming site to which 
females arrive, whereas, say, gravid females only need to lay eggs for the gene to be 
introduced into the population at the appropriate site. It may be colonization, rather 
than genetic manipulation, that will affect fitness of released mosquitoes. Because of 
inbreeding colonized mosquitoes are likely to contain deleterious recessive alleles at 
high frequencies. Determining the mating success of colonized versus wild 
mosquitoes would provide some indication of possible ratios of introduced to wild 
insects needed to affect introduction. Releasing marked colonized mosquitoes back 
into the same wild population from which they were derived would not be introducing 
new genes into the population. Rare- or trace-element marking has much to 
recommend it. It is multi-stage, multi-generational, and multi-trophic. Markers are not 
radioactive and are safe for the environment; there is no visible mark that might affect 
the insect’s behaviour or interaction with other insects. They are, however, expensive 
and subject to local variation in trace-element concentration in the environment 
(Hagler and Jackson 2001). Trace-element marking (Rubidium Rb) has been used to 
label eggs of Aedes (Reiter et al. 1995). In this case females were fed on hosts injected 
with a trace element which was then passed from the female to the eggs. Should it be 
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possible to label males’ accessory-gland secretion then their mating success could 
easily be measured by assessing mating plugs in females. 

In the model developed by Kiszewski and Spielman (1998) fitness of released 
insects under all conditions had to be at least 80% for replacement to occur. In a 
recent study Catterucia, Godfray and Crisanti (2003) concluded that the genetic make- 
up of engineered lines is likely to have a major effect on the maintenance of the 
transgenic allele and that the transgene itself has a fitness cost to the mosquito. With 
an 80% fitness population replacement may only occur after hundreds or even 
thousands of generations, which in practice means tens or hundreds of years. A further 
model developed by Boéte and Koella (2002) indicated that, whilst fitness costs might 
be acceptable, the introduction of genes causing the mosquitoes to be refractory to 
transmission would only have an effect on transmission if they were nearly 100% 
effective. In control terms, hundreds of years is a long time, but on an evolutionary 
scale it is tiny. There is little to suppose that, without population replacement, An. 
gambiae capable of transmitting malaria will not still be a very common mosquito in 
hundreds of years’ time. Under such circumstances pursuance of population 
replacement might be worth the wait. 
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Fitness advantages in multiple blood-feeding: the Aedes 
aegypti example 


John D. Edman* 


Abstract 


Only a few of the over three thousand species of mosquitoes in the world have 
evolved a close association with human settlements (i.e. domestic habits) and a 
subsequent heavy reliance on humans as their primary blood source. These include the 
most important vectors of human parasitic diseases, i.e., malaria, dengue and filariasis. 
Representatives of all three major mosquito genera have made this transition from wild 
to domestic environments, so this association seems to have evolved independently on 
several occasions due to similar environmental circumstances. Mosquito feeding 
preferences are not well understood in terms of either neurobehaviour or genetics but 
would appear, superficially at least, to be a good target for genetic transformation, 1.e., 
turning human-feeding species into species that seldom feed on humans or transmit 
their diseases. Understanding how domestic species arose and the current fitness 
advantages for maintaining those behavioural traits is critical for assessing the potential 
for manipulating and reversing this process. Aedes aegypti, perhaps the most 
domesticated of all mosquito species, is used as the prime example in exploring these 
issues. 


Keywords: Aedes aegypti; mosquito, blood-feeding behaviour, fitness 


Introduction 


Blood-feeding facilitates mosquito transmission of infectious agents so it is logical to 
consider how blood-feeding behaviour might be manipulated to reduce or avoid 
transmission (Dye and Hasibeder 1991; Edman 1991; Edman and Spielman 1986; 
Gillett 1985; Hasibender and Dye 1988). Although specific genes regulating feeding 
behaviour have not yet been identified, they surely exist. Might these genes be good 
targets for genetic manipulation? To answer this and other related questions, perhaps 
the key issue to consider is just how robust is this trait? Although some mosquito 
species show remarkable host specificity, few of the world’s 3000+ mosquito species 
feed primarily on humans. The few species that do, have attracted the bulk of interest in 
blood-feeding behaviour because of their great importance as vectors of human disease 
(see Table 1). How and why did human-feeding preference evolve among these species 
but not others? Can this behaviour be manipulated or reversed? These are the questions 
I will address in this article. 


Hf Department of Entomology, University of California, Davis CA 95611-8584, USA. E-mail: 
jdedman@ucdavis.edu 
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Table 1. Mosquitoes reported to prefer to blood-feed on human hosts. 


SPECIES DISEASES VECTORED 

Aedes aegypti aegypti Dengue and Yellow Fever 

Anopheles gambiae sensu stricto Malaria and Wucherarian filariasis (in Africa) 
Anoheles funestus Malaria (in Africa) 

Some other tropical Anopheles Malaria (in Africa, Asia and South America) 


Culex pipiens quinquefasciatus Wucherarian Filariasis 
Background 


Few attempts have been made to understand the underlying genetic basis of 
mosquito feeding preferences (Gillies 1964). However, human blood and body 
emanations associated with skin, sweat and breath have been fractionated and tested for 
over 50 years in an effort to identify and replicate the critical cues and search processes 
responsible for human-feeding preferences (Braks, Anderson and Knols 1999; 
Costantini et al. 2001; Dekker and Takken 1998; Dekker, Takken and Braks 2001; 
Dekker et al. 2002; Duchemin et al. 2001; Gibson and Torr 1999; Healy and Copland 
2000; Healy et al. 2002; Knols et al. 1997; Mboera et al. 1997; Mboera, Takken and 
Sambu 2000; Pates et al. 2001a; 2001b; Sousa et al. 2001). Although complex and 
unresolved, such information could be exceedingly useful in developing trap-out or 
diversionary strategies for reducing human-biting. It could also assist in identifying 
genetic targets for possible manipulation of feeding behaviour using transgenic 
technology (Aultman, Beaty and Walker 2001). The diversity and number of host- 
derived cues shown to have a possible role in feeding choice are too complex for a 
brief, meaningful summary here. Moreover, many of the hosts utilized as blood sources 
by mosquitoes occur in aggregations (e.g., humans, bovines, dogs), so mosquitoes also 
can choose to feed on the most suitable or defenceless individuals in these species 
groups (Kelly 2001). Recent DNA-based studies document the non-random nature of 
feeding on aggregated hosts (Prior and Torr 2002; De Benedictis et al. 2003). Certain 
host cues employed by mosquitoes may not just signal the presence of the blood source 
but also its nutritional quality, and there is evidence that host choice may be reinforced 
through limited learning on the part of mosquitoes (McCall and Eaton 2001). 

Understanding the circumstances in which human-feeding preference evolved is 
fundamental to any sustainable attempt to modify this behaviour. There must have been 
intense selection pressure for mosquitoes to acquire strategies to locate, discriminate 
and successfully obtain blood from hosts that maximized their fitness (Daniel and 
Kingsolver 1983; Ribeiro 1985; 2000). Such pressures vary among the habitat of 
different mosquito species. Feeding behaviour and host choice largely may have been 
driven by the density-dependent defensiveness of the vertebrate hosts available to a 
mosquito in its particular home range (Kelly 2001). Home range is generally defined by 
the distribution of requisite larval habitats. Stable host populations and ecological 
overlap between hosts and mosquitoes that bite them are prerequisites for a mosquito 
species to evolve highly specialized feeding preferences. One of the most sustainable 
environments in which mosquito feeding behaviour has been shaped (since the advent 
of agrarian societies) is the domestic environment, but only a few species (but in three 
different genera) have exploited the fact that humans provide suitable aquatic 
development sites for larvae, and suitable resting places and reliable blood sources for 
adults (Coluzzi et al. 2002). Domestication first required larval adaptation to aquatic 
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sites linked with human activity (Edman 1985), but these species often share other 
biological characteristics as well (see Table 2). 


Table 2. Biologic traits commonly found among domestic mosquitoes 


Immatures often develop in man-made water in or near human dwellings 
Endophagic (females feed indoors, usually at night when hosts are asleep) 
Endophilic (adult mosquitoes rest inside houses) 

Mating may occur indoors (male Ae. aegypti also are attracted to and mate near 


humans ): Se eS eee eee 


Populations of certain forest mosquitoes became increasingly domesticated, as 
forests with their natural breeding sites and hosts were gradually destroyed and replaced 
by emerging agrarian societies (see Table 3). These species presumably acquired a 
fitness advantage when feeding on human blood, which in turn favoured sensitivity to 
cues that signalled human hosts. This is a process that is still being played out and is 
now intimately related to expanding human populations, agricultural mechanization 
(eliminating beasts of burden), diseases restricting livestock and increases in mosquito- 
borne infections like malaria and dengue (Coluzzi et al. 2002). 


Rene 


Table 3. Characteristics of environments in which human-feeding evolved. 


Destruction of forests and natural mosquito breeding sites 

Permanent human dwellings providing forest-like environments (cool, shady, humid) 
Human storage of water during the dry season 

Permanent water storage in and around homes 

Domestic and companion animals that attract mosquitoes to villages 

Wild animals attracted to stored food in villages which also attract mosquitoes 
Mosquito species that feed on defensive hosts (e.g. rodents and wild primates) 
Less sugar sources and more blood sources, leading to a greater reliance on blood 
Expanding human populations making them the dominant mammal 

Domestic animals become unavailable/unreliable during drought and disease 
outbreaks. 


Aedes aegypti, the principle vector of dengue and urban yellow fever, is a prime 
example of a highly evolved domestic species and is perhaps the most suitable target for 
developing new strategies for disease prevention that exploit the critical and dynamic 
nature of blood-feeding behaviour (see Figure 1). My colleagues and I have investigated 
the feeding characteristics of this mosquito in dengue endemic areas in Puerto Rico and 
Thailand (Scott et al. 2000a; 2000b). Some of our results are summarized below to 
illustrate this species’ extreme domesticity and the fitness advantages of its unique 
synanthropic life style. 


Host-feeding patterns 


In both Thai and Puerto-Rican communities, blood-engorged Ae. aegypti were collected 
inside and outside houses weekly for two years. Blood-meal sources were identified by 
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Dengue 
Transmission 


HOST FEEDING PATTERN (human?) 
FEEDING FREQUENCY (sugar?) 
HOST BLOOD TYPE (fitness?) 


Aedes aegypti 
Figure 1. Blood feeding dynamics 


ELISA. Regardless of the community, time of year or place of collection, about 97 
percent of blood meals were from human hosts (Scott et al. 1993; Scott et al. 2000a). 
This was true despite the fact that many other hosts (e.g. dogs, cats, pigs, cattle, water 
buffalo, chickens, ducks, caged pet birds etc.) were available for mosquitoes to bite at 
both domestic study environments. However, most mosquitoes (~80%) were collected 
resting indoors and most blood-feeding appears to take place indoors as well. 

We also examined the sugar-feeding behaviour of Ae. aegypti and unexpectedly 
discovered that females seldom fed on plant nectar in domestic environments (Figure 2, 
Van Handel et al. 1994; Edman et al. 1992). Mosquitoes from Florida were collected in 
a rural tyre dump away from any human dwellings, demonstrating that the lack of 
sugar-feeding was facultative and associated with the presence of humans in domestic 
environments. This led us to question what impact a lack of carbohydrate-feeding might 
have on the frequency of blood-feeding and the way blood-meal nutrients are utilized. 
Males also fed less on sugar in domestic environments and this may reflect their 
reduced flight demand for securing mates. 


Fructose Detection in Males and Females 


GMales mFemales 


Percent 


Puerto Rico Thailand Florida 


Locality 


Figure 2. Ae aegypi sugar-feeding rates in two domestic and one non-domestic (Florida) 
environment. 
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Blood-feeding frequency 


Feeding frequency was first assessed by histological methods (Scott et al. 1993) and 
later by DNA fingerprinting (Chow Shaffer et al. 2000; De Benedictis et al. 2003). One- 
third to three-quarters of all wild-caught females contained blood and only 2-4 days 
were required for females to become gravid (Scott et al. 2000a). In general, the 
engorgement rate was higher indoors than outdoors, during the hot versus cool season 
and in Puerto Rico versus Thailand. Histological examination revealed that nearly one- 
half of all engorged females in Thailand contained more than one blood meal and about 
one-third of all meals in Puerto Rico were multiple. From these data we estimated that 
Ae. aegyiti females take blood every 0.76 days in Thailand and every 0.63 days in 
Puerto Rico or 2-3 times per gonotrophic cycle rather than once, as was commonly 
assumed. DNA fingerprinting of the blood in engorged mosquitoes indicated a lower 
level of multiple feeding on different people in Puerto Rico (18%) but multiple meals 
taken from the same person are not revealed by this analysis. Because host selection 
was not random (e.g., 3 people accounted for 56%, of all blood meals in the Puerto 
Rican sample) significant multiple feeding on the same host might be expected. 


Host blood type 


Older literature suggests that human blood is deficient in the essential amino acid 
isoleucine and that this deficiency led to the reduced fecundity among all species of 
human-fed mosquitoes that were tested. We questioned why Ae. aegypti, or any other 
species, would selectively feed on a host whose blood yields a reproductive 
disadvantage (Harrington, Edman and Scott 2001). Results from our subsequent 
experiments in which Ae. aegypti were artificially fed human blood or human blood 
supplemented with isoleucine (=high ILE blood) indicated that low-isoleucine blood did 
not reduce fecundity when females were offered blood daily in the absence of sugar. 
Surprisingly, mosquitoes fed low-isoleucine (normal) human blood accumulated 
significantly more nutritional reserves, especially lipids, than those fed the same blood 
supplemented with isoleucine (Figure 3, Harrington, Edman and Scott 2001) 


oO glycogen 
© sugar 


Bi iipia 


Mean mg per mosquito 
S 
So 
+ 


Low isoleucine High isoleucine 
(57 nm/ml| (172 nm/ml) 


Blood isoleucine concentration 


Figure 3. Nutritional reserves in Ae aegypti fed normal and isoleucine-supplemented human 
blood through an artificial membrane. 


- Mosquitoes fed artificially through membranes generally take smaller blood meals, 
so this comparison was repeated using live hosts with naturally high (rodent) or low 
(human) isoleucine levels in their blood. Once again fecundity was not reduced but lipid 
and glycogen reserves were enhanced when females repeatedly ingested low-isoleucine 
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human blood (Harrington, Edman and Scott 2001). Another difference that we 
observed, which is undoubtedly related to the differences in nutrient reserves, was that 
human-fed mosquitoes survived significantly longer than those in the rodent-fed group 
(Figure 4, Harrington, Edman and Scott 2001). 


100 


80 
60 


40 


Cum. Percent Mortality 


Days Post Eclosion 


Figure 4. Accumulated daily mortality among human-fed and rodent-fed Ae. aegypti. 


To confirm that multiple blood-feeding in a single gonotrophic cycle and lack of 
sugar-feeding caused the difference between our results and those in the literature that 
found low isoleucine to limit egg production, we repeated this experiment with 
uniform-sized mosquitoes that were sugar-fed and only allowed a single blood meal 
before fecundity was assessed. Results from this experiment, although this protocol was 
at odds with what we have observed in nature (i.e., little sugar-feeding and multiple 
blood-feeding during each gonotrophic cycle), indicated that human blood did result in 
few eggs when the unnatural scenario reported in the older literature was maintained 
(Table 4, from Harrington, Edman and Scott 2001). While not fully understood, this 
suggests that there is metabolic variation in the way human blood is processed 
compared with other types of blood (Naksathit, Edman and Scott 1999b; 1999a). 
Suboptimal levels of an essential amino acid may limit egg production in the short term, 
but it also may trigger diversion of blood resources into the lipid pool of stored reserves 
(Ryan and van der Horst 2000). The long-term result is that females that take only 
human blood accumulate more nutritional reserves so they live longer. However, they 
still lay a maximum number of eggs because when offered unlimited access to human 
hosts they feed so frequently that egg production is not inhibited by insufficient 
isoleucine. 


Table 4. Effect of sugar-feeding with high- and low-isoleucine blood on egg production 


Treatment N Mean’ # Eggs / mg 

Blood Ingested 

+ SE (mean rank) 
Human blood alone 36 1Si6= 1512922); 
Human blood w/ sugar 36 32.4 + 1.9 (80.6) 
Rodent blood alone Zi 19.8 + 1.8 (44.3)° 
Rodent blood w/ sugar od 47.7 + 2.2 (112.6)° 


"Mean ranks followed by the same letter are not significantly different 
from each other (P < 0.001, Kruskal-Wallis test) 
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Fitness 


We then conducted a life-table experiment with four cohorts: (1) human blood, (2) 
human blood plus sugar, (3) rodent blood, and (4) rodent blood plus sugar, in order to 
compare the fitness effects associated with these dietary strategies (Figure 5, from 
Harrington, Edman and Scott 2001). These and other results (Costero et al. 1998; 
Morrison et al. 1999) clearly demonstrate that Ae. aegypti feeds preferentially and 
frequently on human blood and seldom imbibes plant sugar, because there is a 
reproductive and survival advantage associated with this feeding strategy. Frequent 
human-host contact associated with this feeding strategy does not increase host-induced 
mosquito mortality even among day-biting Ae. aegypti, presumably because their 
approach is so stealthy and their bites are so benign (Day, Edman and Scott 1994). 
However, their multiple feeding strategy does increase the fitness of dengue virus (Scott 
et al. 1997). There is evidence that the domesticated mosquito vectors of malaria (Beier 
1996; Takken, Klowden and Chambers 1998) and filariasis (O’Guinn et al. unpublished 
data) may have evolved similar feeding strategies for similar reasons. This needs much 
further investigation. 
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Figure 5. Life-table analysis of female Ae. aegypti fed four different diets. 


Impact of blood-feeding behaviour on maintenance of dengue-virus 
transmission 


Field data for Ae. aegypti’s feeding behaviour can be used to demonstrate the relative 
impact of different feeding dynamics on vectorial capacity and the maintenance (basic 
reproductive rate) of dengue virus (Dye and Hasibeder 1991). In the example that 
follows, it is assumed that (1) 30% of the human population is susceptible (=non- 
immune) to dengue infection, (2) the dengue viremic period in humans averages 4 days, 
(3) the vector abundance in relation to humans is two bites per person per day, (4) the 
daily survival rate of the vector is 90%, and (5) the mean extrinsic incubation period for 
dengue virus is 10 days. All of these estimates are within the range of field observations 
that we or other investigators have made in dengue endemic areas. To demonstrate the 
relative impact of blood-feeding behaviour versus vector competence (the principal trait 
considered for genetic transformation), these components of the formula for the 
reproductive rate of arboviruses (Reisen 1989) are manipulated in Table 5. Two 
different human-feeding percentages (50 and 95%) and two feeding frequencies are 
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compared with two levels (80% and 20%) of vector competence for dengue-virus 
transmission (Table 5). The two feeding frequencies compared in this table are once 
every 4 days (0.25) or once per gonotrophic cycle, and 0.75, the frequency we observed 
in Thailand. 


Table 5. Estimated dengue-virus reproductive rate with different values for blood-feeding 
parameters and vector competence. 


Human population Mosquito population Vector _ Mosquito feeding _R, 

Non- Viremia Abun- Survival Extrin Compe- Hum. Freq. Dengue 

immune dance Incub tence pref. Repro- 
duction 

(%) (days) (bite/d/ (daily %) (days) (%) (%) (meals/ (mainte- 

man) day) nance 

>1) 

0.3 4 2 0.9 10 0.8 0.50 0.25 =0.8 

% fa Ss iS = 0.95 $ =1.5 

iG ss s 8 Ss = 0.75 =4.5 

. = 3 a Z 0.2 - S =1.1 


If 80% of the Ae aegypti population is competent but females only blood feed once 
per gonotrophic cycle and only half of their blood meals are taken from humans, the 
virus reproductive rate (0.8) is insufficient to maintain dengue-virus transmission. If the 
human feeding rate is increased to 95%, a value consistent with our data from Puerto 
Rico and Thailand, the virus reproductive rate increases to 1.5, a level sufficient to 
maintain dengue virus. If the frequency of feeding is then increased to the level we 
observed in Thailand (i.e. 0.75), the virus reproductive rate increased dramatically to 4.5 
or several times the level required for dengue maintenance. If the vector competence of 
this mosquito population was reduced 4-fold to only 20%, it could still sustain dengue- 
virus transmission (R,=1.1). From this example it is clear that managing the feeding 
frequency and human-feeding rate could have a dramatic affect on the ability of an Ae. 
aegypti population to sustain dengue-virus transmission in endemic foci. We know that 
the natural Ae. aegypti density and vector competence for dengue virus are often quite 
low but the high rate and frequency of feeding on humans can more than compensate 
and allow this unique domestic species to maintain dengue virus in many tropical 
regions of the world. 


Conclusions 


Understanding the chemical signals that promote human-feeding preferences can be 
important in developing new strategies for reducing human-feeding, e.g., mosquito 
removal trapping that incorporates the specific kairomone blend that attracts 
anthropophilic mosquitoes to humans. However, any effort to accomplish reduced 
feeding by engineering the mosquito genome so that vector mosquitoes prefer to feed 
on non-human hosts or to do so less frequently must address the reality of the 
environment in which human-feeding preferences have evolved, because human- 
feeding now provides fitness advantages to the mosquito (Wekesa et al. 1997). Thus, if 
the environment is not changed in some significant ways (e.g., the addition of house 
screens, bed nets, alternative hosts, etc.) then the transformed population will likely 
revert to the original, highly anthropophilic genotype unless the strength of the drive 
mechanism is greater than the fitness cost associated with changes in feeding behaviour. 
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Of course the same argument could be made for mosquitoes transformed to be less 
parasite-competent if there are fitness costs associated with that phenotypic change. 


Postscript 


Because of the inherent risks and unknowns that will accompany any effort to 
modify the behaviour or physiology of human-disease vectors through genetic 
transformation, it seems prudent to conduct proof-of-principle experiments first, using 
mosquito vectors of related animal diseases, e.g., avian malaria. Islands, such as the 
Hawaiian island, where both the parasite (Plasmodium relictum) and the vector (Culex 
pipiens quinquefasciatus) were accidentally introduced in relatively recent times would 
be ideal settings for such experiments. Rapidly declining native bird populations also 
might be saved as a consequence if such a preliminary experiment were successful. 
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Factors affecting the vectorial competence of Anopheles 
gambiae: a question of scale 


Willem Takken’ and Steve W. Lindsay” 


Abstract 


Malaria transmission in Africa is without doubt governed by the existence of a 
group of highly efficient vectors, of which Anopheles gambiae Giles sensu stricto is 
predominant. The endophilic and anthropophagic behaviours of this mosquito create 
an intimate association between the human reservoir and insect vectors of malaria. In 
this paper several mosquito-related and environmental factors that modulate the 
transmission intensity of malaria in Africa are discussed, in order to illustrate the 
plasticity of the vectors’ responses to malaria interventions. The An. gambiae group of 
species serves as an example of the highly complex interactions between humans, 
malaria parasites and mosquitoes. Larval and adult characteristics are described that 
affect the geographic distribution, phenology and longevity of the mosquito vectors. It 
is shown that spatial and temporal variations in the environment have considerably 
more effect on these characteristics than is commonly assumed. It is suggested that 
epidemiological studies pay greater attention to such variations, in particular when 
estimating the entomological inoculation rate and vectorial competence. When 
considering the use of transgenic mosquitoes for malaria control, these effects should 
be studied in order to understand how local variations in vector ecology might affect 
the outcome of a transgenic release. 


Keywords: Anopheles gambiae; mosquito; ecology; vectorial competence; behaviour; 
malaria; transmission; EIR 


Introduction 


Most attempts to quantify the risk of malaria at the local scale assume that 
transmission is uniform across space. Typically risk is measured using an estimate of 
the Entomological Inoculation Rate (EIR), which can be defined as the number of 
mosquitoes biting people during the transmission season multiplied by the sporozoite 
rate of the vector population (Macdonald 1957; Bruce-Chwatt 1985). While this 
approach is satisfactory in producing an overall estimate of the exposure of a 
population to malaria parasites, it fails to capture the variability in transmission that 
can occur at the local level which is determined by the habits, genetics and physiology 
of different vector species, spatial heterogeneity of vector habitats, immune status of 
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the local human population or anti-mosquito strategies employed by local 
communities. For these reasons the force of malaria transmission, infection and 
morbidity within one village may be substantially different between neighbouring 
villages (Thomas and Lindsay 2000; Clarke et al. 2002). These spatial and temporal 
variations are relevant with respect to predictions of malaria risk and the strategies to 
be developed for effective interventions. 

Many contemporary studies on anopheline genetics focus on the major African 
malaria vector Anopheles gambiae Giles (Holt et al. 2002; Morel et al. 2002), and 
development of a transgenic mosquito is discussed primarily with this species in 
mind. As with the basic Macdonald model mentioned earlier, studies on transgenic 
mosquitoes to date need to consider spatial and temporal variations within the vectors 
under study, which as we shall see, may have profound effects on disease 
epidemiology and hence, on the outcome of a transgenic release for malaria control. 
For this reason we present in this paper an analysis of ecological aspects that govern 
the role this mosquito plays in malaria risk and epidemiology in tropical Africa. It is 
realized that in much of its geographic range An. gambiae co-exists with other malaria 
vectors, but the large body of published data on its genetics, biology, ecology and role 
as malaria vector justify a focus on this important malaria vector and those factors that 
determine its vectorial competence. 


Genetic variation within the An. gambiae complex 


An. gambiae consists of a complex of seven sibling species, which can be 
distinguished by cytotaxonomic and molecular means (Coluzzi et al. 2002). Although 
closely related, in principle all sibling species are apomictic with low levels of 
hybridization. The chromosomes show fixed paracentric inversion differences 
between the sibling species, as well as intraspecific inversion polymorphism. 
Polymorphic chromosomal inversions are most common in An. gambiae Giles sensu 
stricto and An. arabiensis Patton (Petrarca et al. 1983; Bryan et al. 1987) and are 
located mostly on chromosome arm 2R. Non-random mating with partial or complete 
absence of interbreeding between carriers of certain inversion karyotypes has been 
observed in An. gambiae s.s. (Bryan et al. 1982). The chromosomal forms identified 
to date have been broadly differentiated into Forest and Savanna forms (Coluzzi, 
Petrarca and Di Deco 1985). Incomplete intergradation between some non-forest 
populations, characterized by different inversion karyotype frequencies, has led to 
their recognition as named forms Bamako, Bissau, Mopti, and Savanna. In parts of 
West Africa, where these forms occur sympatrically, they appear to be segregated 
environmentally (Coluzzi et al. 1979; Coluzzi 1992; Bayoh, Thomas and Lindsay 
2001). The inversion frequency variations were found to be correlated with 
environmental clines, indicating adaptations to climatic and ecological conditions 
(Thomson et al. 1997; Coluzzi et al. 2002; Della Torre et al. 2002; Bayoh, Thomas 
and Lindsay 2001). 

Recently it has been shown that An. gambiae s.s. exists as two distinct molecular 
forms, designated M and S (Favia et al. 1997), which are not clearly concordant with 
the different chromosomal forms (Touré et al. 1998; Della Torre et al. 2001; Gentile 
et al. 2001). Thus the chromosomal forms may not be reproductively isolated 
throughout West Africa (Della Torre et al. 2001). Instead they are more likely to 
represent adaptations to particular habitats since most inversions show distinct 
seasonal or geographical changes in frequency or both (Della Torre et al. 2001). 
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Ecological differences between An. gambiae s.s. and An. arabiensis 


Of the seven siblings of the gambiae complex, An. gambiae sensu stricto and An. 
arabiensis are the most important vectors of malaria (White 1974). Both species share 
a continent-wide distribution, from Madagascar to Senegal (Lindsay, Parson and 
Thomas 1998; Coetzee, Craig and Le Sueur 2000), occur sympatrically in much of 
this area, and exhibit strong associations with the traditional rural life style of many 
African communities. Both species are excellent vectors of malaria parasites, mainly 
Plasmodium falciparum, in much of the continent. A third species of significance for 
malaria transmission in Africa is An. funestus Giles, which often co-exists with the 
other two species and can be an important malaria vector as well. For reasons 
mentioned above, we will not discuss this species in detail in this paper. 


Larval habitats 

A characteristic of the An. gambiae complex is that these pioneer species occupy 
temporary aquatic habitats (Gillies, De Meillon and Coetzee 1968). Small, flooded 
depressions in the soil, hoofprints, tyre tracks and shallow ditches are used for 
oviposition. This strategy of population development probably reduces the risk of 
predation for the vulnerable immature stages of the mosquitoes. However, predation 
can take a heavy toll on mosquitoes (Lacey and Lacey 1990), and the loss of 
immature stages of An. gambiae s.s. can reach almost 100% (Service 1993). Although 
An. gambiae s.s. and An. arabiensis commonly share a larval habitat (White and 
Rosen 1973), An. gambiae s.s. usually outcompetes An. arabiensis when they occur 
together (Schneider, Takken and McCall 2000; Koenraadt and Takken 2003). Adults 
of An. arabiensis, however, are better adapted to severely dry environments than An. 
gambiae s.s. (Lindsay, Parson and Thomas 1998; Petrarca et al. 2000), and during 
extended dry periods An. arabiensis tends to be the most dominant member of the 
complex. Thus, at the beginning of the rainy season the number of An. arabiensis 
rises before An. gambiae s.s. has been able to build up to a competitive population 
(White 1972). In environments with large water surface areas such as irrigated fields 
in Kenya, An. arabiensis dominates presumably because transient larval habitats 
adequate for An. gambiae s.s. are lacking (Mwangi and Mukiama 1992). However, in 
The Gambia in West Africa, An. gambiae s.s. outcompetes An. arabiensis in the 
extensive floodplains, bordering the River Gambia (Lindsay et al. 1991; Bogh et al. 
(in press)), and in irrigated rice areas An. gambiae s.s. during the rainy season 
(Lindsay et al. 1991). Adult mosquito numbers increase as soon as the paddies are 
flooded, rising to a peak when the rice plants are small, before declining when the rice 
plants cover the surface of the water (Surtees 1970; Snow 1983; Lindsay et al. 1991). 
After harvesting they may persist in the shallow puddles left after cropping 
(Klinkenberg et al. 2003). In summary, it is unclear whether the two species occupy 
separate larval microhabitats, although generally An. arabiensis tends to dominate 
during the dry season in wet and humid parts of Africa and is the major vector all the 
year round in semi-arid parts of Africa (White 1972; White and Rosen 1973). 

Two members of the An. gambiae complex favour brackish water for immature 
development. An. melas Theobald in West Africa and An. merus Donitz in East Africa 
are found in coastal mangrove forests and salt marshes, where they avoid the potential 
competition of the freshwater members of the complex (Coetzee, Craig and Le Sueur 
2000). Locally, both species can be important vectors. An. bwambae White is only 
found in mineral springs in western Uganda, where it co-exists with An. gambiae s.s. 
as adult mosquitoes. All three species can develop in fresh water, but presumably 


77 


Chapter 7 


cannot compete in this environment with the freshwater members of the complex. An. 
quadriannulatus (Theobald) species A in South Africa, and species B in Ethiopia are 
freshwater species, but may have adapted to lower developmental temperatures than 
An. gambiae s.s. and An. arabiensis, providing a competitive advantage above the 
latter two species. 


Mating behaviour 

Mating of An. gambiae takes place around dusk, when the males sometimes form 
swarms to which females are attracted by as yet unknown signals (Takken and Knols 
1999). Swarms often appear at the same site, but the mechanism of this behaviour is 
not well understood (Marchand 1984; Takken and Knols 1999). Clearly, mating 
behaviour of the An. gambiae complex remains a black box at present, but should be 
investigated if the impact of transgenic mosquitoes is to be understood properly 
(Charlwood 2003). 


Biting behaviour 

There are considerable differences in biting behaviour among members of the 
gambiaecomplex, which may cause segregation of the species at this stage of the life 
cycle. Female An. gambiae s.s. are highly anthropophilic, feeding preferentially on 
humans (White 1974; Coluzzi et al. 1979), although in West Africa they are less 
discriminating and will feed readily on other animals like horses and cattle (Diatta et 
al. 1998; Bogh et al. 2001). In contrast An. arabiensis has a more opportunistic 
feeding behaviour, although An. arabiensis can be entirely zoophilic, as recent studies 
from Madagascar have shown (Duchemin et al. 2001). In general An. gambiae s.s. 
has, on account of its high anthropophily, developed a strong tendency for endophagy 
and endophily, whereas the more zoophilic An. arabiensis tends to be more exophagic 
and exophilic. Although it is recognized that the anthropophilic behaviour of An. 
gambiae s.s. and the opportunistic behaviours of An. arabiensis are genetically fixed 
(Coluzzi et al. 2002), it is not well understood which factors determine temporal or 
spatial variations in these behaviours. For these reasons it is necessary to establish the 
behavioural characteristics of the vector population of specific study areas when 
measuring epidemiological parameters. 


House-entering behaviour 

Most people get infected with malaria in the home. An. gambiae s.s. is extremely 
well-adapted for entering houses and feeding on people (Gillies, De Meillon and 
Coetzee 1968). They do so at night, when individuals are asleep and least able to 
protect themselves. This ability to get indoors arises from a simple change in 
behaviour. When most mosquitoes come in contact with a wall they fly off sideways. 
But when An. gambiae s./. mosquitoes reach a wall, they fly up and are funnelled, by the 
over-hanging eaves, inside the house through the gap at the top of the wall (see Figure 1, 
from Snow 1987). The number of mosquitoes entering through open eaves is probably 
greatly enhanced by attractive warm host odours pouring out of 
the openings. 


Feeding behaviour 

An. gambiae is a nocturnal feeder, with most of the blood-feeding occurring after 
midnight (Haddow 1954; Lindsay et al. 1989). Once they have reached a host, the 
mosquitoes will preferentially bite and feed off the lower parts of the body (Braack et 
al. 1994; De Jong and Knols 1995). During a gonotrophic cycle, normally one blood 
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meal suffices to complete egg development, but An. gambiae s.s. may require multiple 
meals because of nutritional stress during immature development (Gillies 1954; 
Takken, Klowden and Chambers 1998). Although the timing of blood-feeding is 
genetically fixed, the extensive use of insecticide-impregnated bednets, preventing the 
mosquitoes from obtaining a blood meal, may select for anophelines that feed at other 
times, for instance in the early evening when people have not yet gone to bed (M. 
Yohannes unpublished data). So far the evidence for such a behavioural adaptation is 
scarce (Takken 2002). 


a) Entry slit at eaves level 


b) Entry slit at ground level 


Figure 1. Simulations of air and odour streams around a house (from Snow 1987) 


Resting behaviour 

Following a blood meal, females of An. gambiae tend to settle on walls and 
ceilings of rooms in which they acquired the blood. Eggs are developed during this 
time, and when these are mature, the female will leave the house in the early evening 
in search for a suitable oviposition site. This resting phase may take up to 72 hours. 
Mainly unfed females leave the house in the early morning, presumably to rest in the 
vegetation nearby. Exophilic species such as An. arabiensis tend to spend more time 
outdoors, while strongly endophilic species like An. gambiae s.s. may remain indoors 
for the duration of egg development and maturation. The conventional insecticidal 
treatment of houses was designed to kill the indoor resting fraction of the malaria 
vector population, and often with success (Najera 1989). Ecological and 
epidemiological studies of malaria vectors may collect indoor-resting females to 
assess biting behaviour, age structure of the vector population, parasite infection rates 
and other relevant parameters that might be useful in the assessment of malaria risk. 
Special attention should be paid to the resting behaviour of female mosquitoes during 
the dry season. It is assumed that a proportion of adult females survives the often 
harsh climatic conditions of the dry season, when there is no opportunity to deposit 
eggs because of lack of larval habitats, inside traditional African huts. Here they find 
shelter in cracks and crevices in the walls, apparently favoured by a local 
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microclimate that allows survival(Molineaux and Gramiccia 1980). Others survive by 
low levels of breeding during the dry season (M. Jawara, personal communication). 
During the dry season in the Sudan adult An. arabiensis have been found near the 
bottom of wells, which they must have left occasionally to feed, as recently blood-fed 
females were encountered (Omer and Cloudsley-Thompson 1968). However, few data 
on dry-season ecology of An. gambiae are available and this is, as mating behaviour, 
an urgent topic to be studied. 


Spatial differentiation in optimal habitats 


Continental level 

At a coarse spatial scale climate is the major factor governing the distribution and 
relative abundance of insects (Andrewartha and Birch 1954; Sutherst and Maywald 
1995). In large areas of tropical sub-Saharan Africa populations of An. gambiae s.s. 
and An. arabiensis are sympatric (Coetzee, Craig and Le Sueur 2000), particularly 
within the 800 mm isohyets of rainfall. Because An. arabiensis is better adapted to 
relatively dry regions, this species is found farther north and south than An. gambiae 
s.s. (Lindsay, Parson and Thomas 1998). For instance, An. arabiensis can be found in 
the Nile valley in northern Sudan, where rainfall is low (Petrarca et al. 2000). 
Distribution of both species is determined mainly by the capacity of the air to 
desiccate the insect: An. gambiae is more common in wetter areas, whilst An. 
arabiensis is better adapted to drier conditions (Lindsay, Parson and Thomas 1998). 
The two zoophilic members of the gambiae complex, An. quadriannulatus species A 
and species B, have a limited distribution associated perhaps with more subtropical 
climates than the other members of the complex. An. quadriannulatus species A is 
found in South Africa, Swaziland and Zimbabwe, while An. quadriannulatus species 
B is only found in Ethiopia (Hunt, Coetzee and Fettene 1998). Since both species are 
considered non-malaria vectors throughout their range, in spite of being susceptible to 
P. falciparum (Takken et al. 1999, Pates, H.V. unpublished data), their existence is 
mostly important from the evolutionary point of view as they form the root of the 
phylogenetic tree of the gambiae complex (Coluzzi et al. 2002). 

The distribution of chromosomal forms of An. gambiae s.s. is also governed by 
climate as they occupy distinct ecological zones in West Africa (Bayoh, Thomas and 
Lindsay 2001). 


Regional level 

At a finer spatial resolution other factors become important, such as local climate 
effects, salinity of the breeding sites and the relative availability of different host 
species. Local variations in climate can affect the relative abundance of the two main 
vector species, as seen in the highlands of Kenya, where An. gambiae s.s. is more 
abundant at higher altitudes than An. arabiensis, which dominates in the lowlands 
(Lindsay and Martens 1998; Githeko and Ndegwa 2001). 

Differences in adaptation for fresh and saltwater cause spatial segregation between 
adult members of the An. gambiae complex, as shown by the field studies in The 
Gambia (Bryan et al. 1982). Here An. melas occurs in the large pools of brackish 
water bordering the river, with vegetation dominated by Sporobolus sp., Eleocharis 
sp. and Sesuvium sp. (Begh et al. (in press)). In the same pools An. gambiae is found, 
although it is rarely found in highly saline pools. An. arabiensis occurs in small 
numbers breeding in the rice fields close to the river. Similarly, the saltwater species 
An. melas in East Africa is found only in the coastal areas, with exception of 


80 


Takken and Lindsay 


rainfall rooftype (grass/metal/tiles) 
temperature brickwall / wattle / adobe 
solar radiation presence of eaves 


vegetation no. of windows and doors 
land use people 


no. of inhabitants 
age/sex 
occupation 
personal protection 
(bed nets, smoke, 
repellent) 

health care 


rice field 


animal housing 
no. of domestic 
animals 

animal species 


Mozambique, where it is also found far inland along the Zambezi and Save river 
systems (Gillies, De Meillon and Coetzee 1968; Coetzee, Craig and Le Sueur 2000). 

The propensity of An. gambiae s.s. to feed on people explains its absence from 
game reserves and other areas devoid of human settlement. This species is indeed 
strongly associated with human settlements (Coluzzi 1992). By contrast An. 
arabiensis, with a more catholic feeding behaviour, can be found from game reserves 
to urban areas. Recent studies using satellite imagery in the prediction of the 
distribution of members of the An. gambiae complex show the regional segregation of 
these species caused, mainly, by environmental variables, and allow for estimates of 
distribution in as yet unstudied areas (Rogers et al. 2002). 


Local level 

In recent years much knowledge about local variation in temporal and spatial 
distribution of An. gambiae s.l. has been collected. For instance, in the Kilombero 
valley of southern Tanzania An. gambiae s.s. and An. arabiensis occur sympatrically 
during the rainy season, but segregate into different habitats in the dry seasons 
(Charlwood, Vij and Billingsley 2000). In Burkina Faso spatial and temporal 
segregation of the chromosomal forms An. gambiae s.s. ‘Savanna’, ‘Bamako’ and 
‘Mopti’ has been reported within one village, influenced by land use and climatic 
factors (Della Torre et al. 2002). 

Biting intensity, and therefore malaria risk, can vary considerably within a village 
(see Figure 2). Houses close to larval habitats experience significantly higher biting 
rates than houses farther away (Lindsay et al. 1995; Smith et al. 1995; Lindsay et al. 
2000). House design and personal protection matters may also vary within a village, 
causing strong variations in biting rates between households and, sometimes, within 
families (Lindsay, Emerson and Charlwood 2002). Mosquitoes locate their (human) 
hosts chiefly by host odours, and variability in these odours between humans is a 
well-known factor determining mosquito biting rates (Schreck, Kline and Carlson 
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1990; Lindsay et al. 1993; Knols, De Jong and Takken 1995; Lindsay, Emerson and 
Charlwood 2002). 


Human blood index 


Epidemiological studies use the avidity with which malaria vectors bite humans as 
a factor to estimate the daily transmission rate of malaria parasites. This factor 
depends on the density of hungry adult female mosquitoes and the fraction of them 
that bite humans (Garrett-Jones 1964). The difference in host preference between An. 
gambiae s.s. and An. arabiensis, with the former strongly anthropophilic and the latter 
opportunistic, makes An. gambiae s.s. a better malaria vector (White 1974; Costantini 
et al. 1996). For this reason epidemiological field studies measure the proportion of 
blood-fed mosquitoes that have human blood in their midgut. With An. gambiae this 
figure varies from 0.49 to 0.98 (Garrett-Jones, Boreham and Pant 1980), while for An. 
arabiensis this is usually lower. However, there are exceptions. In Senegal, An. 
gambiae s.s. was reported to feed almost exclusively on cattle (Diatta et al. 1998), and 
on Sao Tomé it was found to prefer dogs above humans (Sousa et al. 2001). In Mali 
and Burkina Faso An. arabiensis has exhibited a high degree of anthropophily 
(Costantini et al. 1998; Lemasson et al. 1997). It is assumed that environmental 
Figure 2. Human and environmental factors that may affect mosquito biting rate 


factors influence the observed local variations in anthropophily. For instance the 
relatively high density of cattle in West Africa coupled with house construction and 
high use of untreated bed nets may affect the degree of anthropophily (Begh et al. 
2001). 


Survival strategies 


The fitness of malaria vectors depends on their ability to produce large numbers 
of offspring quickly (Charlwood 2003). To achieve this goal the insects have 
devised several strategies to avoid environmental extremes. Immature stages of An. 
gambiae s.s. and An. arabiensis share a comparatively similar favourite 
temperature range, which lies between 24 and 29 °C (Lyimo, Takken and Koella 
1992). As adults both species have an optimal temperature range between 22 and 
2en6. (Gillies, De Meillon and Coetzee 1968), although An. arabiensis tends to be 
more tolerant of higher temperatures (Kirby, M. unpublished data). The endophilic 
behaviour that both species express will favour survival under unusually cold or 
hot circumstances, because the indoor climate will be moderated and more stable 
than the daily fluctuations between extreme minimum and maximum temperatures. 
The species differ in favourite ranges of saturation deficit, An. arabiensis being 
able to survive in drier conditions than An. gambiae s.s. This explains why An. 
arabiensis is found biting in the dry season, while An. gambiae s.s. is usually 
absent at that time of the year, even if suitable larval habitats are present (Petrarca 
et al. 2000). 

An. arabiensis has a number of strategies, which allow it to persist in arid 
conditions. Adult females will lay their eggs on damp surfaces, rather than water, 
with hatching being delayed in a proportion of eggs (Coluzzi 1965), females will 
also aestivate during periods of prolonged dryness (Omer and Cloudsley- 
Thompson 1968; 1970) and dry season refugia exist in which An. arabiensis thrive 
and rapidly colonize other areas at the start of the rainy season (White 1974; 
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Charlwood, Vij and Billingsley 2000). However, there may be other, as yet 
unidentified mechanisms that allow this species to survive in dry environments. 


Entomological inoculation rate 


The central goal of malaria control is to reduce the number of potential new 
infections that people receive from mosquito bites in order to reduce morbidity and 
mortality (Framework for monitoring progress and evaluating outcomes and impact: 
roll back malaria 2000). This goal could, in theory, be readily achieved with the 
advent of DDT in the middle of the twentieth century. The reduction of mosquito 
survival by the toxic action of insecticides was the most obvious target in the equation 
of the basic reproductive rate of malaria (Macdonald 1957). For a number of reasons 
this goal could not be met, and today careful consideration is given to aspects of the 
parasite-vector-host interaction that might explain malaria risk and unravel specific 
aspects of this relationship that are more amenable for intervention (Greenwood and 
Mutabingwa 2002). The EIR is used as the parameter with which the best strategy for 
malaria interventions can be developed. Annual values of EIR within Africa vary 
from as low as 0.1 to >1000 depending on the eco-epidemiological conditions of a 
locality (Hay et al. 2000; Smith, Leuenberger and Lengeler 2001). Generally in Africa 
when the EIR <10, an area is considered to have unstable malaria and when EIR 
>100, malaria is stable. Areas with EIR values in between these extremes will vary in 
malaria endemicity, depending on environmental and demographic conditions such as 
rainfall, vegetation cover, human-population density and land use patterns. 

The pattern of clinical malaria differs according to the level of exposure to malaria 
parasites (Snow et al. 1994). In areas of intense challenge most children are infected 
before the age of 6 months, and severe malaria is manifest as anaemia in infants and is 
responsible for a great many deaths. In areas of less intense transmission cerebral 
malaria is a greater killer in 2-3-year-old children. Those that survive the early years 
of childhood develop protective immunity against both clinical malaria and infection. 
In marked contrast in areas of low transmission both children and adults are at risk of 
severe complications. In areas where extreme gradients in exposure exist there can be 
marked differences in clinical malaria, even in rural areas (Clarke et al. 2002). It 
follows that malaria risk across Africa is highly dynamic, and classical risk maps may 
need to be adapted to account for local variations caused by environmental conditions. 

Malaria interventions are aimed at lowering the force of transmission by a 
reduction in infectious mosquito bites. Paradoxically, this strategy may enhance 
malaria risk rather than reduce it, because of a transition from stable to unstable 
malaria (Greenwood 1996). Recent studies have estimated how much reduction of 
EIR must be achieved in order to control malaria successfully (Snow and Marsh 1995; 
1998; Trape and Rogier 1996; Smith, Leuenberger and Lengeler 2001). However, 
because the relationship between EIR and malaria morbidity and mortality is 
determined by factors such as the immune status of the human host, the vectorial 
competence of the vector and the virulence of the parasite, it has been impossible to 
make accurate predictions of malaria risk. Nevertheless, for lack of anything better, 
values of the EIR are widely used to estimate the risk of malaria throughout Africa 
(Rogers et al. 2002). Outside this continent the EIR is difficult to estimate with any 
precision because of low vector densities and the predominantly zoophilic nature of 
many vectors. 

Because the ecological factors that determine EIR are not well understood, it 
cannot be predicted at present what the outcome of a transgenic mosquito release will 
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be on this epidemiological parameter. In areas with multiple vectors, neutralising one 
vector species by introgression of a transgenic trait for resistance to the parasite may 
create a niche for a rare parasite strain, adapted to a different vector species, to 
exploit, thus removing the advantage created by the introduction of the transgene. The 
EIR may then not change much, having a minimal impact on malaria risk. On the 
other hand, a highly successful effect of the transgenic release may reduce the EIR to 
such low levels that the immune status of the human host is compromised, leading to 
more severe and complicated malaria than before. In general it is thought that the 
latter situation would not be serious provided adequate health care is available. 


Vectorial competence and spatial variations 


The important role of An. gambiae s.s. and An. arabiensis as vectors of malaria in 
Africa, as discussed in the sections above, can only be explained by the high 
competence of these mosquito species for the uptake, development and transmission 
of P. falciparum. This ‘vectorial competence’ is determined by intrinsic and extrinsic 
factors such as the insect’s physiology, anti-parasite defence system, biting and 
resting behaviour and the microclimate of its habitat. The intrinsic factors are of 
course genetically determined, while the extrinsic factors will vary spatially. Thus, at 
the limit of malaria distribution it will often be the temperatures or absence of rain 
that affect the vectorial competence. This will create areas with ‘anophelism without 
malaria’, mainly because of the high temperatures that do not allow for development 
of the Plasmodium parasite (Lindsay et al. 1991). Geographic-information systems 
using climate data have been used to model the potential distribution of malaria in 
Africa, often using the vectorial competence to determine geographic regions where 
the disease can be transmitted (Sutherst 1993; Martens 1998; Craig, Snow and Le 
Sueur 1999). Under harsh or unusual climatic and ecological events such as 
unexpected drought, the mortality rate of the vectors may be very high, causing a 
sudden reduction in malaria deaths. However, such benefits are often of short duration 
only. Should this situation become more permanent, then additional scenarios must be 
modelled in order to predict the potential effects on human health in the area 
concerned. Although the relationship between anopheline vector and malaria parasite 
appears fixed, it should be realized that the ability of the mosquito’s innate preference 
for specific climatic systems is more plastic and can be used to good advantage. 


Discussion 


Spatial and temporal variations in vector distribution and vector population 
dynamics and behaviour affect the current distribution of malaria in Africa. It is not 
the presence of an infectious reservoir in humans that is the greatest contributing 
factor to the highly endemic status of much of tropical Africa, but it is rather the 
extremely high vectorial competence, long survival and preference for human blood 
of the near-ubiquitous An. gambiae that maintain the status quo of malaria. Several 
decades of interventions for malaria control have attempted to release Africa of the 
burden of malaria, but to no avail, hampered by weak health systems, poor 
governance and poverty. Adaptation of the vector(s) to the varied ecological and 
climatological situations across the continent allows for this situation to continue 
unabated. We suggest that future interventions should consider the force of ecological 
associations and the resulting plasticity of the vectors to ecological change, to look for 
weaknesses in these relationships. Such insights may allow us to develop new 
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methods for vector control that will reduce the vector population to levels below 
thresholds of epidemiological significance. Temporal and spatial variations in vector 
ecology across Africa affect the transmission risk and epidemiology of malaria, and 
interventions will have to adopt an approach that allows for the consideration of 
ecological factors that affect the force of transmission in different geographical zones. 
Transgenic mosquitoes can contribute to this goal, provided base-line information on 
essential ecological processes such as mating, host-seeking and oviposition are 
properly understood. 
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Contained semi-field environments for ecological studies on 
e e e e * 
transgenic African malaria vectors: benefits and constraints 


Bart G.J. Knols"’, Basilio N. Njiru’, Richard W. Mukabana’**, Evan M. 
Mathenge** and Gerry F. Killeen*® 


Abstract 


Recent successful genetic transformation of disease-transmitting insects has fuelled 
enthusiasm towards its potential application for disease control in the future. 
However, advances to date have been confined to laboratory settings and many 
questions relating to the fitness, behaviour, ecology and phenotypic characteristics of 
transformed insects remain unanswered. Spread of desired traits, such as 
refractoriness to Plasmodium infection, will depend on the reproductive fitness and 
manifestation of life-history behaviours, such as dispersal and mating, by engineered 
specimens. These should preferably be similar to those displayed by their wild con- 
specifics but may be compromised by genetic modification and difficult to assess 
realistically under standard laboratory conditions. Contained semi-field environments 
that mimic a near-natural environment and are exposed to ambient climatic conditions 
may serve to verify laboratory findings and yield valuable insights into transgene 
fixation processes prior to field releases of transgenic specimens into the wild. Here 
we describe the constraints and benefits of this approach with respect to containment 
stringency, facility design and operational guidelines for studies involving 
genetically-engineered malaria vectors. We also report on our initial success with 
such semi-field systems in West Kenya, using non-transgenic mosquitoes in a variety 
of behavioural and ecological studies. Successful completion of the Anopheles 
gambiae life cycle, and thus expression of all major life-history behaviours, occurred 
in three separate trials. However, our results show that the sustenance of successive 
and overlapping generations in such systems may be difficult. Considering the 
frequently expressed and explicit need for contained semi-field trials with engineered 
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insects prior to field releases, this calls for intensified development of improved semi- 
field systems, preferably in field sites earmarked for future releases. 


Keywords: mosquito, malaria, genetic engineering, ecology, behaviour, containment, 
risk-benefit analysis 


Introduction 


The huge and intolerable burden of malarial disease, particularly in Africa (Breman 
2001) warrants research efforts at all levels to contain further deterioration of an 
already desperate situation. Rampant drug resistance (e.g. Trape 2001; Trape et al. 
2002) hinders effective case management and the cost of replacing first-line drugs 
undermines the activities by already under-funded ministries of Health. A strategy 
proven to reduce transmission and impact on disease morbidity and mortality is the 
use of insecticide-treated bed nets (Lengeler 1998). Whether this now widely 
advocated approach will avert a looming crisis in Africa remains to be seen as its 
effective implementation depends on a range of political, socio-economic and cultural 
factors. Moreover, insecticide resistance has been reported in several countries (e.g. 
Chandre et al. 1999) and will most likely intensify with increased exposure of vector 
populations to the insecticides currently used (see Zaim and Guillet 2002). Integrated 
disease control that combines the use of effective drugs with methods to reduce 
parasite transmission needs to be augmented with new tools directed at the parasite or 
the vector, and preferably both, if the ambitious targets of the Roll Back Malaria 
campaign are to be accomplished by 2010 (Nabarro and Tayler 1998; Killeen et al. 
2000; Shiff 2002). Truly integrated programmes have been highly effective in the 
past, even in intensely malarious African settings (Utzinger, Tozan and Singer 2001), 
and it is currently argued that ‘classical’ approaches such as larval control can play an 
important role (Killeen, Fillinger and Knols 2002; Killeen et al. 2002; Utzinger et al. 
2002). 

New innovative strategies, with the aim to render vector populations less 
susceptible to infection with human pathogens by releasing genetically engineered 
mosquitoes have seen dramatic developments over the past few years (e.g. Catteruccia 
et al. 2000; Ito et al. 2002; Aultman, Beaty and Walker 2001). It is envisaged that, if 
transposable genetic elements can be used to drive genes coding for refractoriness into 
fixation in wild vector populations, this may substantially reduce transmission of 
disease. Genetic engineering may also find application in releases of insects carrying 
dominant lethals (RIDL technique, see Alphey and Andreasen 2002, Curtis see 
elsewhere in this volume) or the sterile-insect technique (SIT)(Benedict and Robinson 
(in press)). The above concepts have not extended beyond laboratory experimentation 
and have only recently started to focus on the vector/parasite systems found in Africa 
(e.g. An. gambiae germline transformation, see Grossman et al. 2001). A recent 
theoretical model concludes that efficient transposons will be able to drive genes 
conferring refractoriness into mosquito populations even if there is a substantial 
fitness cost of refractoriness, but also that a decrease in malaria prevalence can only 
be expected if refractoriness is nearly 100% effective (Boéte and Koella 2002, Koella 
see elsewhere in this volume). It was furthermore argued that environmental 
conditions, dietary history and age of the mosquito might negatively impact on the 
mosquito’s immune response and thus impair efficiency of the system. Beyond the 
physiological level, concern has been raised over the ability of laboratory-reared 
transgenic mosquitoes to survive and compete with wild counterparts for mates upon 


92 


Knols et al. 


release (Catteruccia, Godfray and Crisanti 2003). Fitness of released specimens (in 
terms of their ability to survive and reproduce) probably needs to be at least 80% of 
that exhibited by wild-type insects, and gene fixation may then still require hundreds 
of generations (Kiszewski and Spielman 1998). Historically, attempts to use sterile 
hybrid males (in Burkina Faso) have failed due to an ethological mating barrier 
(Davidson et al. 1970), and a recent study with An. gambiae s.s. has shown that non- 
random mating exists, with strong competition amongst males for larger females 
(Okanda et al. 2002). On the other hand, size-independent mating success of male An. 
gambiae s.s. from Sao Tomé was recently reported (Charlwood et al. 2002), 
suggesting that size may not be an important determinant of gene flow. Given the 
likelihood of assortative mating, transgenic males and females may face strong 
competition upon release, which necessitates increased understanding of behavioural 
and ecological determinants of gene flow in wild mosquito populations (Donnelly, 
Simard and Lehmann 2002). 

Clearly, it will be important to understand the consequences of releasing transgenic 
mosquitoes, and it was agreed during two recent meetings (London, September 2001 
and Wageningen, June 2002 - see Enserink 2002) that field trials should only be 
conducted if the likelihood of achieving success in terms of public-health benefits can 
be maximized. It has furthermore been agreed that research designed to lead to field 
releases of transgenic mosquitoes should involve fully contained laboratory and semi- 
field systems (Scott et al. 2002). We describe here how the transition of laboratory 
studies to open field releases may be undertaken and highlight important safety issues 
associated with such an approach. How such systems may benefit research on 
genetically engineered mosquitoes is described and examples of how semi-field 
environments have been used in Kenya are presented. 


From the bench to the field 


The transition from baseline laboratory-based research to full application of insect- 
control technology in target areas typically encompasses four steps. First, the 
technology developed needs to be effective in the laboratory (using laboratory strains, 
cage environments, room studies). Second, appropriate support at both community 
and political level needs to be obtained from an area earmarked as suitable for a pilot 
trial. Third, given the necessary public/government support, a pilot efficacy trial is 
conducted in a well characterized setting so that potential impact is maximized while 
minimizing potential risks and side effects. Last, if the method is proven efficacious, a 
more widespread advocacy of the technique through appropriate channels, whilst 
monitoring and safeguarding its efficiency, is adopted. Several examples of how this 
process has been used to introduce and establish insect-control methods in Africa 
exist. The introduction of insecticide-treated bed nets has seen a decade of technology 
development in the laboratory (e.g. Lengeler, Cattani and De Savigny 1996), 
subsequent large-scale controlled field trials under the auspices of local governments 
and the World Health Organization, followed by initiatives to increase technology 
uptake (e.g. social marketing) (Armstrong-Schellenberg et al. 2001) and advocacy 
through national malaria-control programmes (NMCPs) and global initiatives like the 
Roll Back Malaria campaign. The use of the sterile-insect technique to eradicate the 
tsetse fly, Glossina austeni Newstead, from Zanzibar island followed a similar 
sequence (Msangi et al. 2000) and is currently being considered for more broad-scale 
application on mainland Africa (Insect and Pest Control Newsletter no. 57 2001). 
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The release of transgenic insects requires an additional step, intermediate between 
laboratory-based research and a pilot trial in a defined and isolated locality, which is 
the use of contained semi-field environments (i.e. large outdoor cages) for several 
important reasons raised in this volume. Perhaps the most important reason is the 
irreversibility of any release. If a transposon with an associated transgene does 
successfully drive itself into vector populations, like the P element did in the case of 
Drosophila (Engels 1992), it cannot be removed without eradicating the entire 
affected mosquito population. Thus the particular risk(s) associated with any 
transposon-driven genetic modification of wild populations is that it may not be 
repeatable, and any undesired effects, such as an unforeseen increase in vector 
competence or vectorial capacity, could be permanent. The primary objectives of 
semi-field studies on transgenic mosquitoes are two-fold: 1) to evaluate the efficacy 
of various drive systems or other mechanisms that can be used to propagate the spread 
of a genetic construct through (small) target populations, and 2) to evaluate the 
phenotypic expression of such constructs in terms of vector behaviour/ecology and 
Plasmodium susceptibility compared to non-transformed con-specifics. 


Transgenic mosquitoes in contained semi-field environments 


Benefits 

The benefits of using contained semi-field environments are fourfold. First, in 
contrast with the controlled laboratory environment, exposure to ambient climate/light 
conditions and the relaxation of spatial contraints associated with relatively small 
cages may result in more natural behavioural interactions between the insects and 
between the insects and their environment. Second, such studies are much easier to 
control, reproduce and interpret than long-term longitudinal field studies, which are 
vulnerable to regular fluctuations in vector density, physiological background and 
habitat ecology. Third, recovery of released material is enhanced due to limited 
dispersal, which also allows for release of small numbers of insects and more direct 
interpretation of recapture results because mosquitoes do not enter or leave the 
experimental system. Last, such studies enable a careful safety assessment and 
evaluation of consequences of field releases of transgenic specimens because their 
transgenes are prevented from entering wild populations. The following list of topics, 
though not exhaustive, can be researched under semi-field conditions: 


e Drive systems. The potential of available transposable elements to spread in small 
populations, individually or ‘loaded’ with a genetic construct can be studied. 
Various options for release (e.g. inundative release of males carrying a non- 
autonomous transposon) can be evaluated and seeding densities at which the 
system moves into fixation determined. The effects of ambient climate conditions 
on transposable-element biology and constructs, particularly the ability of the 
element to retain the transgene(s) can be evaluated. 

e Behaviour and ecology of the transgene phenotype. The dominance and 
effectiveness of transgenic mosquitoes in relation to wild-type specimens needs 
evaluation. Assortative mating and competition with wild-type males is likely and 
understanding the extent to which this will affect the spread of desired traits is 
important. Colonization and mass rearing of mosquitoes have been shown to affect 
the mating competitiveness of subsequently released material (Reisen, see 
elsewhere in this volume) and the effects of germline transformation and 
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temporary laboratory colonization on transgene phenotype performance can be 
studied. 

e Plasmodium susceptibility. It remains unknown to what extent parasite 
development can be reduced by transgenic females when exposed to ambient 
climate and other potential stress factors. Successive generations of transgenic 
mosquitoes can be challenged with different P. falciparum genotypes and 
refractoriness levels assessed. 

e Fitness evaluations. Critical fitness parameters like longevity and fecundity and the 
influence of anti-parasitic traits on these can easily be studied under semi-field 
conditions and compared with performance of wild-type specimens. 


Constraints 

Perhaps the most significant obstacle towards moving research on transgenic 
mosquitoes from the laboratory to the semi-field environment is the absence of 
specific guidelines, appropriate evaluation boards (e.g. Institutional Biosafety 
Committees) and an Africa-wide network addressing regulatory issues (similar to the 
African Malaria Vaccine Testing Network, now incorporated in the African Malaria 
Network). Arthropod Containment Guidelines (Arthropod Containment Guidelines, 
version 3.1 2000) and general guidelines for biosafety of research involving 
recombinant-DNA molecules (NJH guidelines for research involving recombinant 
DNA molecules 1999) will need to be tailored to the African context and adherence to 
these ensured through an appropriate board of experts. Containment guidelines in 
existence focus predominantly on settings in laboratories and insectaries in developed 
countries and have not yet addressed the special circumstances encountered in 
tropical, disease-endemic settings. For instance, it may be just as important to focus 
on the entrance of wild mosquitoes in contained environments as on the escape of 
released insects. Potential transmission of malarial parasites by (semi-immune) 
researchers to vectors in contained settings requires specific guidelines not applicable 
to research environments in the North. Any semi-field experiment that requires the 
contained mosquitoes to reproduce will necessitate blood-feeding upon live hosts. For 
highly anthropophilic species such as Anopheles gambiae and An. funestus this 
inevitably means human exposure to mosquito bites so the accidental introduction of 
human malaria parasites into such experimental systems may have serious 
implications for the investigators. 

Nevertheless, the most frequently expressed concern about semi-field research on 
genetically engineered insects is the scenario in which unwanted escape from the 
contained environment occurs, particularly of specimens not impaired (e.g. sterilized 
or non-viable mutants) and fully competent to disperse and settle in an environment 
occupied by wild con-specifics. Although such a risk can never be eliminated, it can 
be minimized through the construction of special facilities that maximize biological 
and physical containment. Suggested guidelines for the design and use of such a 
facility are described in Annex 1. 

Research on transgenic mosquitoes in semi-field environments will require a stable 
population in order to study such issues as gene flow, transposon stability, the fate of 
genetic constructs etc. This also applies to studies in which various seeding rates of 
transgenics are used to determine thresholds above which the system proceeds to 
permanent fixation over realistically useful time periods. Limited trials in Kenya (see 
below) have so far shown that it may be difficult to produce successive and 
overlapping generations of An. gambiae in a contained semi-field environment, and 
suggestions for improvement are given in Annex 2. 


95 


Chapter 8 


With the ultimate goal to inhibit parasite development in the mosquito, it will be 
necessary to feed (transgenic) females inside semi-field systems on infectious blood 
meals. As it remains unknown whether blood-feeding by transgenic females poses a 
risk to humans it is unlikely that ethical clearance can be obtained to use a gametocyte 
carrier in the system. Rather, infections will have to be introduced using artificial 
blood-feeding systems (like membranes), which will lead to much reduced feeding 
rates in a large (greenhouse) environment. This inevitably means that females will 
need to be collected from the greenhouse and offered a membrane in a small cage. 
However, adaptation of strains to feeding on membrane feeders often requires several 
generations, thus meaning a further prolongation of laboratory colonization and an 
inevitable decline in genetic diversity of the transgenic strain. 


Semi-field studies in Kenya 


Semi-field environments for behavioural and ecological studies with wild and 
laboratory-reared An. gambiae have been developed in West Kenya at the Mbita Point 
Research and Training Centre (ICIPE) since February 2000. None of these have so far 
been used for studies with transgenic strains, but valuable insights into the benefits 
and constraints of such systems have been obtained. Seven existing greenhouses (7.1 
x 11.4 m) have been modified for studies involving mosquitoes (Figure 1) and 
mosquito rearing (Figure 2). One of these has been designed to simulate a natural An. 
gambiae ecosystem, dubbed the ‘Malariasphere’ (Figure 3). 


Figure 1. Greenhouse semi-field environment for studies with An. gambiae. 
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Figure 3. Semi-field setup which simulates the An. gambiae ecosystem (note breeding site in 
the foreground) 
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We have used these greenhouses for a wide variety of studies including a) the 
evaluation of plants as repellents against An. gambiae either in potted form (Seyoum 
et al. 2002b) or through burning/thermal expulsion (Seyoum et al. 2002a); b) the 
development of new surveillance tools such as an exposure-free bed-net trap 
(Mathenge et al. 2002); c) research on factors affecting mating behaviour (Okanda et 
al. 2002); d) oviposition-site selection by gravid females (Fischer 2002); e) effects of 
diet (sugar, blood) on female survival (Okech et al. (in press)), f) sugar feeding and 
survival of mosquitoes on indigenous Kenyan plants (Impoinvil et al. submitted) and 
g) life-cycle studies in the Malariasphere (Knols et al. 2002, see Box 1), besides 
several other studies currently underway. All of the above studies received ethical 
clearance from the National Ethical Review Committee residing at the Kenya Medical 
Research Insititute (KEMRI; protocol KEMRI/RES/7/3/1). 

There are several important advantages to this approach. Studies on the 
behavioural ecology of malaria vectors under field conditions are often difficult due to 
nocturnal habits of mosquitoes, the necessity to conduct (relatively expensive) PCR 
procedures to establish sibling species identity and the often dramatic variations in 
mosquito density within/between villages and over time (Smith et al. 1995; Lindsay et 
al. 1995). Age-grading through assessing the number of dilatations on the ovariole 
stalks in the ovaries (Detinova and Bertram 1962) or through pteridine fluorescence 
measurements of the head capsule (Wu and Lehane 1999) is complex, and methods to 
determine the physiological status of the insects require a well-equipped laboratory 
environment, frequently absent in remote areas where field research is undertaken. 
Furthermore, studies in which blood-feeding by vectors takes place is confronted with 
the risk of exposing human subjects to potentially infectious mosquito bites, which is 
difficult to justify in an era where drug resistance is rampant and on the increase. The 
power of semi-field systems therefore lies in the ability to fix the density, age and 
physiological status of the insects in experiments, whilst ensuring a transmission-free 
environment. A further advantage is the ability to consistently collect large amounts 
of data over short periods of time and at any time of the year, allowing for more 
powerful statistical analyses than are possible with data from the field. 

Our work in the Malariasphere is of particular relevance to future studies with 
transgenic mosquitoes. This system consists of a screen-walled greenhouse (with 
gauze-covered walls and roof) inside which a local hut has been built, two breeding 
sites have been constructed with mud from natural larval habitats, and some 30 
indigenous plant species have been introduced. Trials to assess whether life-cycle 
completion is feasible have been conducted on three separate occassions by 
introducing a) 100 bloodfed females, b) 1500 males and 500 virgin females, or c) 500 
eggs in both breeding sites. A volunteer (BGJK or BNN) occupied the bed inside the 
hut during several nights of each trial as a blood source for host-seeking females. 
Details of the first trial are reported here (see Box 1), of the other ones elsewhere 
(Knols et al. 2002). 

These three trials showed that all major life-history behaviours (mating, host 
seeking, plant feeding and oviposition) occurred in the Malariasphere. Even though 
we did not attempt to produce more generations, it was concluded that the size of the 
‘inoculum’ may not have been sufficiently large to establish a population inside the 
system. The second trial (1500 males + 500 virgin females released) produced only 40 
pupae, the third trial (500 eggs in each breeding site) only 9 eggs of the next 
generation. It remains unknown what the cause of this low reproductive rate was, but 
since larval/pupal survival was much higher than has been reported from field studies 
(Service 1977) (we estimated the average daily survival of the immature stages to be 
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Box 1. The introduction of 100 freshly blood-fed (15 min, on human forearm) An. gambiae s.s. 
females into the Malariasphere (Figure 3,4) resulted in the presence of eggs in the breeding sites 
on day 3 (2.5 days after release), and eggs continued to be observed in the sites until day 7. 
Larvae (from L1 to L4 stage) were seen feeding at the water surface until day 23, when the last 
L4 larva pupated. The first five pupae were seen in the breeding sites in the evening of day 10, 
meaning that the variation in maturation time from egg to pupa was 7- 20 days. In total, 57 pupae 
were counted in the breeding site in front (3.8 m) of the hut, versus 130 in the site (1.1 m) behind 
it. The first adults were seen on day 11, and continued to be present until the end of the 
experiment (on day 27). Starting in the morning of day 22, we observed new eggs in the breeding 
sites. From the above it can be deduced that specific behaviours of the adult insects occurred 
during certain times. Oviposition activity took place twice during this trial, meaning that females 
left the hut after having matured the eggs, successfully located a breeding site, accepted it for 
oviposition, and laid eggs. Other potential breeding sites, like the leaf axils of banana trees, were 
examined but did not harbour larvae. As the period for reaching sexual maturity for males may be 
at least one day and for females up to 60 hrs, mating may not have taken place until dusk on day 
14. In spite of regular observations during dusk, we failed to see any swarming activity. As 
survival of newly emerged adults is <48 hrs without the availability of a carbohydrate source, 
mosquitoes must have supplemented their energy reserves with carbohydrates from the plants in 
the sphere for up to 6 days before they were offered a blood source. Some plants (like Ricinus 
communis L.) were flowering at the time of the experiment, and may have provided nectar 
sources. Within 15 min after entering the hut at night, the volunteer noticed the sound of 
mosquitoes and subsequently felt mosquito bites on his lower limbs that were exposed. This 
implies that females were receptive to host cues, entered the hut through the eaves, and 
successfully located and fed on the human host. At sunrise, several engorged females were seen 
resting on the walls, indicating successful blood-feeding and endophily (indoor resting), which is 
typical for this species. Following maturation of eggs, the second oviposition took place during 
the night of day 21, thus completing the life cycle. The experiment was terminated on day 27 (by 
no longer entering the greenhouse for one month afterwards). 
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0.83 in the third trial), it is most likely the survival and reproductive success of the 
adults that was low. Predators, like Salticid spiders (Salticidae) and geckos 
(Geckonidae), were plentiful in the Malariasphere and may have reduced the size of 
the small population of adult mosquitoes. 

The fact that the life cycle of this important malaria vector could be completed in a 
relatively small semi-field system (~80 m’) is encouraging. Given a larger system 
(1800 m’; see Annex 1), with more breeding sites, a larger ‘inoculum’ and better 
survival of adults (e.g. allowing no predators in the system) may be the way forward 
to establish a system in which a population of mosquitoes can be sustained over 
several generations. 
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Conclusions and recommendations 


Routine genetic transformation of disease vectors belonging to all major genera 
has, owing to dramatic developments in the field of molecular biology, become 
possible. Although widely advocated and recommended, the next logical step to 
evaluate the fate of transgenic mosquitoes in contained semi-field systems, has hardly 
received attention. In fact, the studies described above are the first of its nature and 
need substantial expansion if the whole array of pertinent questions remaining to be 
answered are going to be addressed in earnest. 

Considering the fact that development of transformation technology has primarily 
been a USA/Europe-led endeavour, it is of utmost and prime importance that capacity 
for research on genetic control strategies be developed in disease-endemic countries. 
Identification of suitable African partner institutions, coupled to a continent-wide 
network spearheaded by WHO-AFRO is a mandatory first step to initiate the myriad 
of questions raised in this volume. Clear containment and security guidelines for 
research on transgenic mosquitoes, adapted to semi-field studies in Africa, need to be 
developed. Although life-cycle completion has been observed in  semi-field 
environments, it is the establishment of systems that can hold successive and 
overlapping generations of insects that is of immediate relevance to studying the 
effects of insect genetic transformation and therefore deserves priority. 
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Annex 1. Containment guidelines for semi-field studies with 
transgenic African malaria vectors 


Guidelines for the handling of and research on transgenic insects in the laboratory 
are available (Arthropod Containment Guidelines, version 3.1 2000) as well as 
general guidelines for ‘Biosafety in Microbiological and Biomedical Laboratories’ 
(BMBL), but these are limited in advice for semi-field research. Though not 
exhaustive, this section summarizes those guidelines from the perspective of semi- 
field studies in contained environments in disease endemic environments. Failure of 
containment, i.e. the escape of transgenic specimens from an enclosure, poses several 
important questions: 1) Will there be harmful effects on humans, other organisms and 
the environment at large?; 2) what are the consequences of genetic introgression of 
the transgene into wild populations?; 3) will horizontal transfer of the transgene occur 
and what will be the consequences of this? These, amongst other questions, 
necessitate stringent physical and biological containment procedures combined with 
implementation of safety practices. 

Facility location: The locations where contained semi-field systems can be built in 
Africa are limited and obviously linked to the presence of well-equipped laboratories. 
In addition, it may be the objective of field-release studies that determine where such 
facilities will be located (e.g. on an off-shore island or an area where only the target 
species is involved in disease transmission). Political stability at country and research- 
environment level is important, and will ensure governmental support. A facility 
should not be constructed in areas prone to earthquakes, flooding, adverse weather 
conditions or other natural disasters. The presence of a good medical facility 
(hospital) is desirable. 

Physical containment and security: The best physical containment is the location 
of a facility in an ecological or physical island, thus limiting the possibility of spread 
after escape. As for the facility itself, containment increases with the number of 
physical barriers separating the insects from the outdoor environment. This can be 
achieved by using small cages and containers as primary and double-screened 
facilities with double (pressurized) door systems as secondary barriers. However, each 
additional layer further inhibits airflow, and may lead to stress for the insects in hot 
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climates. Attractive devices (such as bug-zappers) can be used to trap insects passing 
into entrance/exit chambers. Strict rules should apply to the biological material 
entering or leaving the facility. For instance, only dead adult insects should be 
allowed to leave the facility; live material in the form of eggs poses a much lower 
escape risk. Access by other insects (like ants) can be prevented with external barriers 
(such as water ant traps around facilities). Restricted access by humans can be secured 
using intrusion alarms, the presence of guards, and the use of doors with electronic or 
keypad locks. 

Safety practices and calamity control: Restricted access by personnel fully trained 
in arthropod handling procedures and biosafety guidelines is mandatory. They also 
need to be conversant with procedures to control calamities (e.g. by using insecticide 
fogging). Inspection of the structure and all screening, doors and pressurized systems, 
and collection of specimens from trapping devices should be undertaken at regular 
intervals to ensure maximum containment. Procedures and guidelines to be followed 
in the event of accidental escape of transgenic mosquitoes in the environment need to 
be defined and practised (resource mobilization, control operations, informing the 
public/government/press, etc.). 

Biological containment: The level of biological containment that can be applied is 
dependent on the type of experiments planned and can focus on either the insect or the 
genetic construct. Irradiation of insects, rendering them sterile, or use of insects 
carrying dominant lethals will not lead to offspring if mating with wild females 
occurs. Research on transgenic mosquitoes may initially focus on the use of non- 
autonomous drive systems and innocuous markers (e.g. fluorescent marker genes). A 
combination of methods affecting the fitness of the vector and use of harmless 
constructs will substantially reduce the risks upon escape, but may yield valuable 
information prior to experiments with insects carrying constructs expressing 
antiparasitic genes. 

Based on the above guidelines, our experience with semi-field systems in Kenya 
and after consultation with experts from an international firm that constructs 
greenhouses we propose a semi-field system for work on transgenic mosquitoes as 
shown in Figure 5. This is a compartmentalized system (120 x 60 m; four 
compartments of 60 x 30 m), consisting of a double-screened (mosquito gauze) 
primary barrier (a), with a single entrance through a double-door pressurized system 
that contains bug-zappers (b), exiting in an air-conditioned working area (c) where 
handling of insects can take place (incubators, freezers, dissection benches etc.). A 
single double-door pressurized system provides entrance/exit to the entire facility (d). 
A secondary barrier (e) is encompassing the primary structure and consists of shade 
netting walls, and the roof consists of transparent roofing sheets. The secondary 
structure is surrounded by an ant-trap (f) and fence. The facility is constructed on 
concrete slabs/walls (g) that protrude above ground level. An initial cost estimate for 
the primary (inner) structure and the adjacent working area (excluding pressurized 
door systems) amounted to ca. 150,000 US dollars (Irrico International, Nairobi, 
Kenya; August 2001). Including the secondary structure and additional facilities will 
increase the cost to a current estimate of 500,000-600,000 US dollars. 

The system described here serves as an example of what a (triple-layer) contained 
semi-field structure could look like, but may have to be adjusted to local conditions. 
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Figure 5. A contained semi-field environment for studies on transgenic mosquitoes 
(details see text). 


Annex 2. Maintenance of mosquito populations in contained semi- 
field system 


Experience with the release of An. gambiae mosquitoes in semi-field systems in 
Kenya has yielded valuable insight on how the survival and reproductive success of 
the insects can be improved. With the aim to establish a self-perpetuating population 
of insects that can be maintained on an artificial blood source we suggest the 
following: 

Breeding sites: Survival of the immature stages in the trials has been high, and 
modification of the breeding sites may not be necessary. The use of plastic (60 cm 
diameter) containers filled with suitable water (e.g. distilled or rain water), 
supplemented with dried and sieved soil from natural habitats is adequate. We have 
used such systems in open-field settings, which resulted in wild females ovipositing in 
them and offspring surviving well until emergence (Fillinger, Knols and Becker 
2003). 

Plants and refuges: It may not be necessary to use a wide variety of plants, 
particularly if adult feeding sources are provided. Plants also hinder easy recovery of 
released specimens. However, they do provide refuge for mosquitoes and feeding on 
them may supplement their energy reserves. Extra refuges can be constructed by 
digging pits that provide a cool dark environment for resting mosquitoes. Using plants 
in potted form will facilitate their removal and positioning in the system. Plants may 
also serve as swarm markers (Marchand 1984) and may thus play an important role in 
mating behaviour. Nevertheless, our studies on survival of An. gambiae on a variety 
of indigenous Kenyan plants have shown dramatic differences between plant species 
(Impoinvil et al. submitted), and further research on plant feeding is warranted. 

House: The use of a local hut made of local materials inside the system has the 
disadvantage that recovery of insects is difficult (especially with a grass-thatched 
roof). It seems therefore better to construct an experimental hut with white-coloured 
inner walls and a black roof (see Seyoum et al. 2002b). 

Other organisms: In our initial trials we allowed other organisms inside the 
Malariasphere. However, as predation may have been intense (by spiders, geckos 
etc.), we suggest a system without any other organisms. 
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Sugar/Blood sources: Adult survival in the experiments was not very high, which 
may have been caused by predation (see above), or the lack of access to sugar and/or 
blood sources. Depending on the number and species of plants that will be used, it 
may be necessary to provide additional carbohydrate sources in the form of 
glucose/sucrose solutions. A ring of honey droplets around the source may enhance its 
attractiveness (W. Foster, pers. comm.). If humans cannot be used as a blood source 
for host-seeking females, it will be necessary to enhance the attractiveness of and 
feeding on artificial feeders. With heat as the sole (physical) stimulus it may be 
difficult to obtain high feeding rates in an experimental hut inside a large greenhouse. 
However, recent studies have shown excellent attraction of An. gambiae to a 
combination of carbon dioxide (400 cc/min) and human foot odour (worm 
socks)(Njiru et al., unpublished data). It has also been found that feeding on 
membranes is enhanced and increases fecundity in An. gambiae in the presence of 
foot odour (Andreasen 1997). Application of compounds that enhance alighting 
responses may further increase the feeding rate (Healy et al. 2002). 


* Annex | is partially based on a presentation by Mark Q. Benedict and Bart G.J. Knols titled: 
‘Containment strategies for greenhouse studies’, which was presented in London, September 14, 2001 
during a meeting titled: ‘Genetically engineered arthropod vectors of human infectious diseases: a 
meeting to consider benefits and risks’. 


106 


POPULATION 
GENETICS 


» - - - y a 
a _ he : 
“ sooty Se 
= 4 be  » 
T4984 ee : : " 4 
i 4 


a ts rns 


«lp igre heed on. premieaaioe tay ai. Goel 
Ls ~ 7 ee yceaet pecdiline? atency’ ae ‘ 
- g Sisal ene copes Cron eae She 


eon al ai aizt mee 


-e0ITaaa 


9 


Gene flow among populations of Anopheles gambiae: a 
critical review 


Gregory C. Lanzaro’ and Frederic T; ripet” 


Abstract 


The success of genetic-control programmes aimed at introducing genes into wild 
Anopheles gambiae populations depends on our understanding of the genetic structure 
of these populations. Population-genetic studies are required for identifying discrete 
population groups across Africa, determining their geographical distribution and 
evaluating the degree to which they may be reproductively isolated. Population 
studies are also needed to estimate the rate at which genes may spread within and 
between populations at various spatial scales and to identify biological and physical 
features of the environment that may interfere with their movement. Studies of the 
mechanisms of reproductive isolation between molecular/chromosomal forms of An. 
gambiae can be used to validate the results of population-genetic approaches and aid 
in the development of reproductively competitive laboratory strains. In the following, 
we review past and recent studies that cover these aspects of An. gambiae population 
genetics and ecology. We critically discuss the validity of the designs and 
methodologies involved in an attempt to provide a sound basis for future 
undertakings. We also discuss new directions and priorities in the light of the recent 
developments toward a genetic-control strategy for An. gambiae. 


Keywords: Anopheles gambiae; mosquito; population structure; gene flow; DNA; 
microsatellites; transposable element; transgene; dispersal; Africa; divergence; 
assortative mating; polytene chromosome 


Introduction 


The movement of transgenes from one lineage or population to another depends 
on mating between an individual carrying the gene and one that does not. This 
remains true even where transgenes are coupled with drive mechanisms such as 
transposable elements (Ribeiro and Kidwell 1994) or endosymbionts (Turelli and 
Hoffmann 1999). Although designs for novel approaches to target vector populations 
of mosquitoes are interesting and potentially useful, the population-genetics 
component remains poorly understood. Critically, most conceptual models for genetic 
control assume that the mosquito population into which a transgene system is to be 
released represents a single, randomly mating unit. There is considerable evidence 
that some populations of Anopheles gambiae (Giles) are subdivided by barriers to 
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reproduction and that gene flow via migration among geographic populations is 
limited. Field studies designed to estimate levels and patterns of gene flow within and 
among those structured populations are needed to provide a foundation for predicting 
the potential utility of new molecular-level approaches, and for designing field trials 
to evaluate their efficacy under natural conditions in Africa. In many locales that have 
not been well studied there may exist complexities in population structure that remain 
to be described. In addition, defining levels of gene exchange among partially isolated 
subpopulations or “incipient” species is critical in determining to what extent these 
are reproductively isolated. If some level of gene flow is occurring this information 
may in fact be used to advantage in the design of a release strategy. The success of 
any genetic-control programme aimed at controlling or manipulating natural 
populations through the release of genetically modified mosquitoes will depend on 
our knowledge of genetic diversity in natural populations, information on how this 
diversity is distributed in time and space, and on understanding the forces generating 
and maintaining diversity among populations. 


Estimating gene flow among natural populations 


Methods for estimating how much gene flow occurs in natural populations have 
been divided into two broad classes. Direct methods involve estimating dispersal 
distances and reproductive success of individuals that disperse by direct observation. 
Indirect methods rely on allele frequencies or differences in DNA sequences to 
estimate levels of gene flow that must have occurred in order to explain observed 
patterns. Direct methods provide a “snapshot” of contemporary gene flow at the time 
the observations are made. In studies of gene flow among mosquito populations direct 
methods have involved mark-release-recapture experiments or studies of the progeny 
or sperm from field-collected females. Indirect methods rely on determining the 
standardized variance in allele frequencies among populations (Fsr), from which 
estimates of the number of migrants per generation (Nm) may be inferred by the 
simple relationship, Fst ~ (1/4Nm + 1) (Wright 1931). These estimates are strongly 
influenced by patterns of gene flow that may have occurred in the past or are the 
consequence of rare events. Indirect methods have frequently been applied to 
comparisons of populations separated by vast distances, but it should be pointed out 
that studies employing indirect methods on the local scale are more likely to yield 
usable estimates of contemporary gene flow (see Rousset 2001 for useful discussion). 
Both methods have limitations. Direct methods are only useful for describing gene 
flow in mosquito populations separated by short distances, whereas statistical methods 
for estimating gene flow employing indirect estimates rely on assumptions that may 
not be appropriate for mosquito populations (Slatkin 1985; Bossart and Prowell 1998; 
Whitlock and McCauley 1999; however see Bohonak et al. 1998). In addition, 
genetic methods rely on assumptions concerning the evolutionary behaviour of the 
genetic markers used to obtain gene frequency data and these may be problematic. A 
comparison of estimates of gene flow among An. gambiae populations in Mali made 
by both direct and indirect methods yielded consistent results, suggesting that despite 
their limitations, the methods being applied were reasonably reliable, at least on the 
scale and in the geographical localities under study (Taylor et al. 2001). The vast 
majority of studies aimed at describing gene flow among An gambiae populations 
have employed indirect methods. 
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Patterns of gene flow on a macrogeographic scale 


Ultimately malaria-control efforts in Africa will have to be conducted on a large 
geographical scale. Although the development of a strategic plan for such an 
undertaking will require co-ordinating efforts along political borders the success of 
such an effort will depend largely on identifying regions of operation based on 
biologically meaningful boundaries. Early work based on the distribution of 
chromosome inversions suggests substantial differentiation between populations from 
different parts of Africa. More recent studies based on biochemical and molecular 
genetic markers have found no evidence of genetic differentiation among An. 
gambiae populations across Africa. We review these results and show why they are 
equivocal. We continue with an examination of studies that describe genetic 
differentiation on a macro-geographical scale within two regions of interest. We first 
discuss East Africa and the importance of the Great Rift Valley for gene flow, then 
consider the more complex populations of West and Central Africa. Throughout the 
text we pay special attention to studies that examined if populations of An. gambiae 
can be described by an isolation by distance model, i.e., if the genetic distance 
between populations increases with geographical distance. Depending on the scale on 
which they are conducted these studies may detect unknown genetic complexities 
within large population groups or tell us about the amount of gene flow among local 
subpopulations. From a practical point of view these analyses are important because 
they provide us with an approximation of the geographical scale on which releases 
will be most effective (see Figure 1). 


Gene flow across Africa 


An. gambiae is extremely versatile regarding tolerance to a wide variety of micro- 
and macro-environmental conditions, as evidenced by its broad geographic 
distribution and ability to thrive at sites that experience seemingly unsuitable seasonal 
variation in climate (Coluzzi, Petrarca and Di Deco 1985). This would suggest that 
individuals are adapted to local conditions and are likely to be genetically distinct 
from individuals in populations where conditions are different. Evidence for this 
phenomenon is presented in the work of Coluzzi, Petrarca and Di Deco (1985) and 
Touré et al. (1998b), who show a strong association of certain chromosome 
inversions with dry or wet habitats. To date there are few studies describing gene 
flow among populations on a large geographic scale. The early work of Coluzzi and 
co-workers, as described in detail below, suggests that populations over large 
distances differ dramatically with respect to the distribution of paracentric 
chromosome inversions. Later work employing biochemical (isozyme) and DNA 
markers (mtDNA and microsatellites) suggests a very different picture. Lehmann et 
al. (1996) conducted a study of the distribution of isozyme and microsatellite variation 
between populations from Kenya and Senegal. They found little differentiation among 
the populations analysed (Fsr = 0.016) and estimated remarkably high levels of gene 
flow between populations (Nm > 7.7) separated by more then 6,000 km. Besansky et 
al. (1997) analysed sequence data for a segment (665 bp) of the mitochondrial ND5 
gene from seven villages in Kenya and three villages in Senegal. They also found 
populations from Kenya and Senegal to be remarkably homogeneous (Fsr = 0.085); 
consequently their estimates of gene flow among these populations was also very high 
(Nm = 5.4). They obtained similar results for An. arabiensis, where populations 
separated by up to 7,000 km were relatively homogeneous (Fsr = 0.044, Nm = 10.8). 


111 


Chapter 9 


Figure 1. Schematic representation of three populations that fit an isolation-by-distance 
model. Solid lines represent independent sets of estimates of Nm in relation to geographical 
distance calculated for populations (1), (2) and (3). 


(A) Introduction of a transgene at location (1) will result in the subsequent introduction of the 
desired gene into populations (2) and (3) via gene flow. This is because Nm > 0 in all cases. 
The distance between 1, 2 and 3 is less than the dispersal range, there are no physical barriers 
separating the three populations and no reproductive barriers to gene flow. 


0) 2) © 
Distance —————> 


(B) Introduction of a transgene at location (1) will not result in the movement of the desired 
gene into populations (2) and (3) because of a lack of gene flow among these three 
populations. In this case Nm ~ 0. This may be the result of (a) the distance between the three 
sites exceeding the dispersal ability of individual mosquitoes, (b) the presence of physical 
barriers separating the sites or (c) reproductive barriers between the three populations. 
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They found no evidence for “isolation by distance”, that is, they observed no 
relationship between levels of genetic divergence (Fst) and geographic distance. 
Taken together these studies suggest that An. gambiae over its range is comprised of 
populations that exchange individuals at a rate sufficient in magnitude to prevent them 
from diverging genetically. The authors suggest that the lack of divergence between 
widely separated populations may reflect their history, being the consequence of 
recent expansion of An. gambiae over the past 2,000-5,000 years (associated with the 
expansion of human populations in Africa, as suggested by Coluzzi, Petrarca and Di 
Deco 1985). Alternatively, they suggest that gene flow among populations across 
continental Africa may be contemporary, resulting from active migration and passive 
transportation via the activity of man. The authors favour the latter, pointing to the 
well-known introduction of An. gambiae into Brazil via the activities of humans 
during the 1930’s (Soper and Wilson 1943). 

Although these studies are interesting we do not feel that they are definitive. The 
interpretation that these results demonstrate extensive contemporary gene flow over 
enormous distances is not consistent with what is known about the dispersal 
capabilities of An. gambiae. For example, the maximum flight range of An. gambiae 
estimated by direct observation has been reported to be in the range of 3.6 - 7km 
(Gillies 1961; Touré et al. 1998a). Indirect estimates suggest a dispersal range of tens 
or at most hundreds of kilometers (Mclain et al. 1989; Carnahan et al. 2002). 
Dispersal over long distances via human activity is suggested by the experience in 
Brazil, as well as by regular cases of airport malaria in areas far from malaria-infested 
areas (Martens and Hall 2000; Karch et al. 2001). However, notion that An. gambiae 
exists over its range as a single, undifferentiated population is directly challenged by 
the non-random spatial distribution of chromosome inversions, as reported by 
numerous authors and discussed in detail below. A careful assessment of the work 
suggesting extensive gene flow across Africa reveals several shortcomings. There are 
methodological problems associated with sampling strategies that weaken these 
reports. In both studies (Lehmann et al. 1996; Besansky et al. 1997) only two regions 
are included (Kenya and Senegal) that are at the extremes of the range of An. 
gambiae. A more thorough study including many more populations across the range 
might reveal a pattern in the relationships among them that would suggest alternative 
explanations for the apparent lack of divergence. For example, the results described 
by Besansky et al. (1997) for An. arabiensis were not supported by the findings of 
Donnelly and Townson (2000). This was a more thorough study involving nine 
localities in East Africa over a transect covering 4,500 km, from Sudan to 
Mozambique. Relationships among populations were assessed using allele frequencies 
at eight microsatellite loci and sample sizes were large (N = 29-59 per population per 
locus). These researchers found highly significant differences in genotype frequencies 
between populations separated by 200 km and in Mozambique, by as little as 25 km. 
In addition, they report a highly significant positive correlation between Fsr and 
geographic distance, suggesting a good fit to the isolation by distance model of 
population structure. The study employing mtDNA (Besansky et al. 1997) suffers 
further by the analysis of too few mosquitoes to adequately assess variation within 
and among collection sites. As few as four individuals were analysed for some 
collection sites and not more than ten for any. The authors conducted a re-analysis of 
the same sites in Kenya, but this time included a substantially larger sample size 
(Lehmann et al. 2000). When sample sizes were increased (from a total of 37 to a total 
of 71) their estimate of divergence among the same populations was far greater and 
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consequently estimates for gene flow were much lower. The authors concluded that 
this discrepancy was the result of a “small sample size effect” in the original study. 

The most extensive analysis to date of An. gambiae on a large geographic scale 
was recently presented by Lehmann et al. (2003). They report the results of analysis 
of variation at 11 microsatellite loci from 16 sites in 10 countries. A cluster analysis 
based on Fer values revealed a major subdivision among An. gambiae populations in 
continental Africa: They identified a North-western (NW) population group, 
containing populations in Senegal, Ghana, Nigeria, Cameroon, Gabon, Democratic 
Republic of Congo and western Kenya and a South-eastern (SE) group including 
populations in eastern Kenya, Tanzania, Malawi and Zambia. Differentiation between 
these two population groups was high, Fsr > 0.1. Genetic differentiation among 
populations within the two groups were substantially lower and a significant 
relationship between genetic distance and geographic distance was observed, 
consistent with an isolation-by-distance model of population structure. The authors 
suggest that differentiation between the SE and NW groups may be the consequence 
of a recent bottleneck in the SE group and physical barriers limiting gene flow 
between the two groups. On close examination of their data it appears that the 
population in Zambia occupies a position intermediate between the eastern and 
western populations and may represent a third group, or equally likely, lie in a zone 
that represents a bridge, with respect to gene flow, between the eastern and western 
populations. 

In summary, studies conducted for the purpose of describing the genetic structure 
of An. gambiae on the continental scale have yielded conflicting results. The early 
work based on the distribution of chromosome inversions suggested major differences 
between East-African and West-African populations. Later work based on isozyme, 
microsatellite and mitochondrial DNA were interpreted as demonstrating that An. 
gambiae exists as a single, more or less undifferentiated population over its entire 
range. Recent work, based on microsatellite frequencies among 16 populations 
spanning the continent, revealed a major division of populations so that two 
genetically distinct population groups can be recognized. We believe that this latest 
study most accurately describes the large-scale genetic structure of An. gambiae. The 
earlier work was based on an analysis of populations from only two regions, located 
6,000 km apart. The population in Kenya included in these studies was from Asembo 
Bay, west of the Great Rift Valley which, as discussed in detail below, serves as a 
major barrier to gene flow. Had these earlier studies included populations closer to the 
coast of Kenya the results would have been very different. This is an important point 
because it illustrates nicely the importance of developing an effective sampling 
scheme when undertaking a population-genetics study, especially on a large spatial 
scale. 


East Africa and the Great Rift Valley 


McLain et al. (1989) conducted a study of the distribution of restriction-fragment 
length polymorphisms (RFLPs) in the IGS region of the ribosomal DNA locus among 
populations of An. gambiae in Kenya. The study included populations from seven 
villages in western Kenya and an eighth from coastal Kenya. They found that 
populations located ten or more kilometers apart differed significantly in the 
frequencies of RFLPs and that the western Kenya populations, located roughly 700 
km from the others, contained no RFLPs in common with them. The authors 
interpreted these results as suggesting that An. gambiae populations in this region fit 


114 


Lanzaro and Tripet 


an isolation-by-distance model with gene flow limited between populations separated 
by as little as 10 km and that populations no more than a few hundred kilometers apart 
are, in effect, completely isolated. 

Lehmann et al. (1997) conducted a study of populations in the same part of western 
Kenya. They examined population structure based on five microsatellite loci plus 
sequence variation in a 648 base-pair fragment of the mitochondrial NDS locus. Their 
analysis was aimed at describing levels of genetic divergence among populations at 
several spatial scales, including between houses within villages and between villages 
at distances up to 50 km. Not surprisingly they found no evidence for genetic 
divergence between houses within villages, but their results at larger scales 
contradicted the findings of McLain et al. (1989). The distribution of both 
microsatellite and mtDNA polymorphism suggested no significant differentiation (Fsr 
not significantly different from zero) between villages at distances up to 50 km, 
leading the authors to conclude that gene flow is extensive among populations up to 
this distance. These results fit well with their earlier work (described above) in which 
they found no significant divergence in microsatellite or mtDNA between populations 
separated by 6,000 km. As in their earlier work they suggest that high rates of 
contemporary gene flow, relatively rare events of extinction-recolonization and/or 
historical gene flow may explain their observations. Here they argue that historical 
gene flow is an unlikely factor because they found no difference in levels of 
differentiation between rapidly evolving microsatellites compared with slowly 
evolving isozyme and mtDNA loci. 

There are problems with this argument. Divergence estimated by isozymes cannot 
be compared with microsatellites because the efficiency with which enzyme 
electrophoresis methods detect polymorphisms is low, with as little as 25% of existing 
amino acid substitutions detectable (Selander 1976). Furthermore, there are 
indications that mutation rates for microsatellites in insects may not be as high as once 
thought (Schug et al. 1998). Donnelly, Licht and Lehmann (2001) have shown that 
historical gene flow, in the form of range expansion, is the most likely explanation for 
the high N,, values estimated from the distribution of microsatellite and mtDNA allele 
frequencies. Kamau et al. (1998) conducted a study similar to that of Lehmann et al. 
(1997) and in the same region of Kenya. Kamau et al. (1998) included analysis of 
seven microsatellite loci in populations from seven villages less than 10 km apart in 
the Asembo Bay area. They likewise found no evidence of divergence among 
populations at these sites (Fst = 0.0016, Nm = 5.66). Their study also included a 
comparison between the seven Asembo Bay populations and a population from Kilifi, 
located about 700 km to the east, on the coast of the Indian Ocean. As in the McLain 
et al. (1989) study, they found significant divergence between the eastern and western 
populations (Fst = 0.075, Nm = 1.54). These results suggest that gene flow between 
populations from the east and west of Kenya is severely restricted and cast doubt on 
the earlier reports suggesting extensive gene flow among An. gambiae populations 
continent-wide. Kamau et al. (1998) provide the first report that the Great Rift Valley 
(GRV), which divides east and west Kenya, serves as a barrier to gene flow between 
An. gambiae populations on either side of it. 

This phenomenon was further explored in a more detailed study reported by 
Lehmann et al. (1999). They studied six populations; four west of the GRV, and two 
on the eastern side. Frequencies at nine microsatellite loci were used to compare 
populations. The goal of this study was to determine if the high degree of 
differentiation between populations east and west of the GRV are due to the GRV 
serving as a barrier to gene flow or due to other factors such as differences in 
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effective population size (N.) among the populations analysed or distance alone. 
Although they detected some difference in Ne between populations on either side of 
the GRV, neither differences in population size nor distance alone could explain the 
level of divergence between populations across the GRV. They conclude that the 
GRV does indeed represent a barrier to gene flow and that this phenomenon explains 
the observed genetic divergence between populations separated by it. These results 
are consistent with the earlier reports of McLain et al. (1989) and Kamau et al. (1998), 
but are in apparent conflict with the work of Besansky et al. (1997), who report no 
significant differentiation between populations on either side of the GRV. This 
disagreement was resolved, as described above, when the Besansky et al. study was 
repeated with an increase in sample size (Lehmann et al. 2000). Taken together these 
studies present solid evidence for the GRV acting as a significant barrier to gene flow 
between the populations of An. gambiae which it separates. In light of the recent work 
by Lehmann et al. (2003), in which they described the genetic structure of An. 
gambiae over a large portion of its range (described above), it appears that the GRV, 
extending from western Kenya to the southern shore of Lake Nyasasa in 
Mozambique, is a significant barrier to gene flow, forming an east/west division of 
An. gambiae populations. Populations in the southwest of the GRV have not, with the 
exception of a single population in Zambia, been analysed. Additional sampling in 
this region (e.g. eastern Zaire and Zambia) may clarify the importance of the southern 
part of the GRV as barrier to gene flow. The data from the west of Zambia presented 
in Lehmann et al. (2003) suggests that populations on the southwestern side of the 
GRV could represent a third group or be intermediate, representing a bridge between 
the eastern and more western populations. 


West and Central Africa 


Studies of the distribution of chromosome-inversion polymorphism in Nigeria 
revealed the existence of two chromosomal forms, the Savanna and Forest forms 
(Coluzzi et al. 1979; Coluzzi, Petrarca and Di Deco 1985). The relative abundance of 
the two forms is clinal with the Savanna form predominating in the drier northern part 
of the country and gradually decreasing so that the Forest form is most abundant in 
the south. The two forms appear to intergrade, at least to some extent, where they 
occur together. Onyabe and Conn (2001) conducted a study with the goal of 
determining the extent of gene flow among populations both within and between 
ecological zones in Nigeria. Their study was based on the distribution of alleles at ten 
microsatellite loci and included 39-46 samples per site collected from eight sites over 
an 833km transect. The microsatellite loci studied were selected so that five were 
located within inversions and five were located elsewhere in the genome. Overall they 
found significant levels of genetic differentiation among populations; differences were 
highest for comparisons between populations from the savanna and forest ecological 
zones (Fst = 0.028-0.087) as opposed to within zones (Fst = 0.000-0.048 for 
populations within the savanna zone). An evaluation of the relationship between Fsy 
and distance between sites revealed a highly significant correlation suggesting that 
population structure fits an isolation-by-distance model. However, on closer 
examination it was found that the relatively high Fsr values were largely due to three 
loci located within inversions and that, when these were removed from the analysis 
divergence, they dropped to very low or insignificant levels and the correlation 
between Fsr and distance was no longer significant. They suggest that the higher 
level of divergence for loci associated with inversions is the consequence of 
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hitchhiking on genes under selection that are located within the inversions. The 
hitchhiking phenomenon was also observed by Lanzaro et al. (1998) as described 
below. Onyabe and Conn (2001) conclude that gene flow among An. gambiae 
populations in Nigeria is extensive and does not appear to be limited by geographical 
distance. One limitation with their study was their failure to karyotype the material 
studied. It is possible that at least some of their samples consisted of mixed Savanna 
and Forest forms. Indeed Coluzzi, Petrarca and Di Deco (1985) found evidence that at 
some sites in Nigeria the Savanna and Forest forms do exist in sympatry and that this 
was associated with a deficiency of heterokaryotypes. The effect would be to 
obfuscate any possible correlation between Fsr and geographic distance. 

A similar study was conducted in Mali by Carnahan et al. (2002). They included 
samples collected from six villages on a 536 km transect along the Niger River 
Valley. Populations at some sites were mixed chromosomal forms and individuals 
were identified to form by cytogenetic analysis, so that the authors identified eleven 
populations at these six sites. The habitat was uniform over the transect and they 
report no evidence of obvious barriers to dispersal within the study area. Their 
analysis included between 5 and 23 microsatellite loci; sample sizes per site ranged 
between 4 and -190 individuals. Sites with small sample sizes were only included if 
the number of loci analysed was >20. They found a significant correlation between 
form Fsr and geographic distance over all loci and for chromosomes 3 and X when 
the analysis was conducted for microsatellites on each chromosome separately. 
Values for Nm ranged from 64.43 to 1.26 between population pairs along the transect. 
They conclude that in this part of Africa genetic differentiation at microsatelllite loci 
is consistent with the isolation-by-distance model. Interestingly N, reported in this 
study, Nm = 1.26, for two populations separated by a distance of 444 km, was smaller 
than the Nm reported by Lehmann et al. (1996) for populations separated by 6,000 km 
(Nm = 3.4). There are, however, several shortcomings with this work. Not all loci 
were the same for each population studied so that if the behaviour of individual 
microsatellite loci is different this might affect estimates of Fsr. In addition, sample 
sizes per site in some cases were as small as four individuals. 


Patterns of gene flow among populations on a local scale 


In addition to environmental factors that affect patterns of gene flow at the macro- 
geographic and regional scales, population structuring within ecological zones and 
habitats can potentially ruin efforts to drive genes into wild An. gambiae populations. 
In areas where several subspecific forms of the An. gambiae complex co-occur theory 
would predict the existence of strong pre-mating barriers to hybridization (Liou and 
Price 1994; Butlin 1995). If this proves to be true in field populations, driving a 
transgene into reproductively isolated subpopulations using a single strain of mass- 
reared mosquito may be ineffective. Thus as progress is being made in the 
development of genetically modified mosquitoes, understanding the population 
structure of An. gambiae at a local scale is becoming ever more important. A correct 
assessment of the amount of reproductive isolation, i.e., the amount of gene flow 
between An. gambiae subpopulations is critical for assessing the feasibility of a 
mosquito genetic-control programme, developing adequate mass-rearing facilities and 
_designing initial field trials. In the next paragraph we will first briefly overview what 
is known of the genetic structure of An. gambiae on a local scale as well as methods 
currently employed for identifying and describing complex populations. Thereafter 
each subsection reviews past and current studies aimed at understanding population 
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structure and patterns of gene flow by making inferences from genetic analyses based 
on different markers. A critical limiting factor in choosing optimal genetic markers for 
describing population complexity is the extent of our understanding of mechanisms of 
reproductive isolation and speciation, and of their consequences for the evolution of 
different parts of the genome in this species complex. Behavioural-ecology studies 
can shed light on processes leading to reproductive isolation and validate 
interpretations inferred from population-genetic studies. Advances in this area of 
research will be discussed at the end of this section. 


Overview of past and current advances 


Population structuring within An. gambiae sensu stricto has classically been 
approached using cytogenetic methods to describe chromosomalinversion 
polymorphism. While such studies successfully identified the cryptic species within 
the complex, within An. gambiae s.s. they have revealed contrasting levels of 
polymorphism among different regions in Africa. Broadly speaking, one can 
distinguish ‘East-African populations’ with limited amounts of inversion 
polymorphism, and ‘West-African populations’ in which a remarkable number of 
chromosomal arrangements have been identified. Cytogenetic studies in West 
Africa revealed a wide array of inversion karyotypes and led to the definition of 
several chromosomal forms. The discovery of chromosomal forms that may have 
recently diverged or are currently undergoing speciation has generated considerable 
interest and controversy. The apparent absence of post-mating barriers to reproduction 
between forms and their general lack of genetic differentiation undermined the case 
for defining additional cryptic species within An. gambiae. Recent surveys (Della 
Torre et al. 2001; 2002) based on sequencing of ribosomal DNA (r-DNA) revealed 
fixed differences between some populations and led to the definition of two major r- 
DNA molecular forms, thus far encompassing all populations in continental Africa. At 
present, neither karyotypes nor r-DNA sequences alone can satisfactorily describe 
populations within An. gambiae s.s. over its entire range, but combining these tools 
might provide us with adequate resolution for identifying major population groups. 
Despite these difficulties, considerable advances in our understanding of patterns of 
current gene flow between karyotypically and/or molecularly defined forms have been 
made using microsatellite markers. Moreover, the ongoing selective sweep associated 
with kdr resistance (Chandre et al. 1998; Weill et al. 2000) may provide researchers 
with an ideal marker for estimating the extent of current reproductive isolation 
between forms (Diabate et al. 2003). A PCR diagnostic based on the r-DNA loci 
(Favia et al. 1997; 2001) has also simplified the search for hybrids between molecular 
forms where they occur in sympatry and facilitated the study of mating patterns 
between forms. 


Chromosome inversion polymorphism 


Studies of chromosomal rearrangements have been conducted in a number of 
African countries and have revealed much higher levels of inversion polymorphism in 
West Africa compared to other areas (Coluzzi, Petrarca and Di Deco 1985; Petrarca 
and Beier 1992). The frequencies of chromosomal arrangements have been used to 
test populations for departures from Hardy-Weinberg equilibrium and in many cases 
provided evidence that An. gambiae populations are composed of several discrete 
units (Bryan et al. 1982; Fonseca et al. 1996; Appawu et al. 1994; Akogbeto and Di 
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Deco 1995). Coluzzi et al. (Coluzzi, Petrarca and Di Deco 1985) defined 5 forms 
based on the distribution of the most common chromosomal arrangements (Figure 2 
and Table 1): (1) the Forest form, characterized by the typical non-inverted 
arrangement 2R+/+, 2L+/+, or by a single inversion polymorphism due to inversion 
2Rb, 2Rd or 2La; (2) Bissau, characterized by high frequencies of the 2Rd inversion 
and standard 2L+ arrangement; (3) Savanna, exhibiting high frequencies of 2Rb and 
2La inversions as well as polymorphism involving the 2Rcu arrangements and 
polymorphism in the j, d and the rare k inversion (see Table 1); (4) Bamako, 
characterized by the fixed 2Rjcu arrangement and polymorphism in the 2Rb 
inversion; (5) Mopti, showing high frequencies of 2Rbc, 2Ru and nearly fixed for 
2La. 


Figure 2. Position of the inversions on the second chromosome of An. gambiae s.l.. Five 
chromosomal forms have been described based on the arrangements of such inversions 
described from the banding patterns of polytene chromosome. 


The best-documented example of population structure based on karyotype frequencies 
and inferred through testing compliance to the Hardy-Weinberg equilibrium are the 
studies by Touré et al. (Touré et al. 1994; 1998b). These were conducted in Mali 
where the Savanna, Bamako and Mopti chromosomal forms occur in sympatry. The 
authors found hybrid-like karyotypes between the Savanna and Mopti forms and 
between the Savanna and Bamako forms, but only one Mopti/Bamako 
heterokaryotype was identified (Touré et al. 1998b; Coluzzi et al. 2002). The three 
forms were successfully crossed and backcrossed in the laboratory suggesting that 
reproductive isolation is maintained essentially by pre-mating barriers to reproduction 
(Di Deco et al. 1980; Persiani, Di Deco and Petrangeli 1986). The interpretation of 
certain karyotypes as being between-form hybrids was later challenged by genetic 
analysis of the carriers of such arrangements using r-DNA markers (see next 
paragraph), and it now appears that these may be caused by polymorphic or floating 
inversions typical of one form, but occurring rarely in others. This hypothesis is 
strengthened by reports of “hybrid” karyotypes from areas where only one of the 
parental forms is known to occur (Touré et al. 1998a). Although it is possible that 
these “hybrid” individuals migrated into these areas, it seems more likely that these 
karyotypes represent rare individuals that are members of the indigenous gene pool. 
On the other hand, when such hybrid-like arrangements are found in areas where 
multiple forms are sympatric (Touré et al. 1998a), the possibility remains that these 
are backcrossed hybrids. Generally speaking the occurrence of such atypical floating 
inversions within the 5 broadly defined forms (Touré et al. 1998a) or the 
intergradation of forms renders the assignment of certain individuals to a particular 
form problematic. The Bamako, Savanna and Mopti forms are thought to intergrade 
with the Forest form where these forms co-occur (Coluzzi, Petrarca and Di Deco 
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1985; Della Torre et al. 2001). This phenomenon has also been reported between the 
Bissau and Savanna forms (Bryan et al. 1982). 


Table 1. Typical and less frequent chromosomal arrangements on the 2R and 2 L arms of 
the second chromosome in the five chromosomal forms described by Coluzzi, Petrarca and Di 
Deco (1985). Following the description of the chromosomal arm are the potential inversion 
arrangements separated by slashes. A ‘+’ describes the standard arrangement or the 
occurrence of non-inverted standard arrangements among inverted ones. In such cases the 
arrangements are not fixed, as for example in the various combinations of inversions of the 
Savanna form. In other instances, inversions can be fixed such as the j inversion in the 
Bamako form. 


Chromosomal Typical Less frequent arrangements 
forms arrangements 

2R 2b 2R PAG 
Forest 2R+ 2L+ 2Rb/d/+ 2La 
Bissau 2Rd 2b 2R+ 2La 
Savanna 2Rb/+ 2La/+ 2Rcu/beu/bd/bed/d/j/jb/jbd/jbcu/jcu/bk/+ 
Bamako 2Rjcu/jbe 2La 

u 
Mopti 2Rbc/u 2La 2R+ 2L+ 


Paracentric inversions suppress recombination among loci located within or near 
them, resulting in linkage associations that protect combinations of genes at multiple 
loci (Sturtevant 1926). These so called co-adapted multi-locus gene complexes (Mayr 
1963; Dobzhansky 1970) are thought to confer selective advantages in different 
environmental conditions (Coluzzi 1982; Touré et al. 1994). The adaptive value of 
certain arrangements in relation to specific ecological zones has been demonstrated by 
transect studies that described inversion frequencies across or within chromosomal 
forms and from studies of the seasonal distributions of forms where they occur in 
sympatry (Coluzzi et al. 1979; Touré et al. 1998b). Clines in the frequency of the 2Rb, 
bc, d and 2La arrangements suggest that these confer a selective advantage to drier 
climates and habitats (Coluzzi et al. 1979). For example, changes in frequencies of the 
Rbe arrangement typical of the Mopti form have been shown to correlate with 
differences in annual rainfall between localities and with variation in monthly rainfall 
within a single locality (Touré et al. 1994; 1998b). Because forms intergrade in some 
localities, it has generally been considered that the genetic determinants of 
reproductive isolation between forms are not associated with inversions themselves 
(Coluzzi 1982; Coluzzi, Petrarca and Di Deco 1985). For example, the Mopti and 
Savanna forms in Mali share overlapping combinations of the same inversion 
polymorphism, Rbc and Ru in Mopti and Rb and Rcu in Savanna. The co-occurrence 
of forms such as these that do not differ by a fixed inversion, yet seem to mate 
assortatively, cannot easily be explained unless genetic differences outside these 
inversions are involved in mate recognition. The potential role of inversions in the 
evolution of forms has been discussed by Coluzzi et al. (Coluzzi 1982; Coluzzi, 
Petrarca and Di Deco 1985; Coluzzi et al. 2002). They consider inversions to be 
‘chromosomal mechanisms that preserve gene associations arising in temporary 
isolates subject to flush and crush in geographically and/or ecologically marginal 
zones’ (Coluzzi, Petrarca and Di Deco 1985; Coluzzi et al. 2002). In this context, 
inversions can be considered important units of selection in a process of polygenic 
reorganization associated with peripatric speciation (Carson 1982). 
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DNA sequencing and the ribosomal-DNA perspective 


A considerable amount of DNA sequencing has been done in attempts to develop 
chromosomal form-specific diagnostics based on fixed differences between them. 
These involved sequencing of nuclear genes such as the white gene on the X 
chromosomes (Besansky et al. 1995), the tryptophan oxygenase gene (Mukabayire et 
al. 1996) on 2R, pKM2 on 2L (Gentile et al. 2001), the gua introns VIII, V, VI, F72 
and Gambifl on chromosome 3 (Gentile et al. 2001). None of these single-copy 
nuclear genes yielded fixed differences between chromosomal forms (Mukabayire et 
al. 2001; Gentile et al. 2001). Sequencing of the mitochondrial gene COJ/I/ likewise 
failed to provide characteristic form-specific differences (Gentile et al. 2001). In 
contrast, sequencing of the rapidly evolving non-coding regions of ribosomal DNA, a 
tandemly arrayed multigene family, proved to be more rewarding. Favia et al. (1997) 
first found diagnostic RFLPs in this region and identified 10 nucleotide residues that 
differ between the Mopti and the Savanna or Bamako forms in a 620bp fragment of 
the Intergenic Spacer (IGS) region (Favia et al. 2001). These findings were critical 
because they were the first fixed differences found between chromosomal forms; they 
led to the development of a PCR-based diagnostic to differentiate Mopti individuals 
carrying the M-form of r-DNA from Bamako and Savanna individuals carrying the S- 
form of r-DNA. The diagnostic was developed using samples from Mali; among those 
early samples there were a few equivocal cases where karyotyping did not match the 
molecular diagnostic (Favia et al. 1997; Della Torre et al. 2001). The diagnostic was 
also used to identify between-form hybrid-like karyotypes. M/S hybrids produced in 
the laboratory yielded clearly distinguishable hybrid patterns. Surprisingly, however, 
field-collected individuals carrying “hybrid” karyotypes did not produce results 
consistent with their being hybrid, but rather produced either M or S patterns (Favia et 
al. 1997). This observation supports the notion that certain karyotypes, thought to be 
fixed in one form or another, are in fact shared, occurring commonly in one form and 
rarely in another. However, the possibility that these cases could be backcrosses 
between forms has not been explored. Thus, the discovery of fixed differences 
between forms validated the rapid concerted evolution of the r-DNA involving gene 
conversion between r-DNA cistrons. Paradoxically, the r-DNA diagnostic is still 
considered a reliable tool to identify F, hybrids. 

The Favia diagnostic has since been used to type individuals from other areas of 
Africa. It has become apparent that the correspondence between the Mopti 
chromosomal form and the M molecular type does not hold in other areas of West 
Africa and that the two types can occur within the previously defined chromosomal 
forms (Della Torre et al. 2002). The M and S types have been found in the Forest and 
Savanna forms in various parts of West Africa. Thus far, the M form characterizes the 
Bissau form and the S-form characterizes the Bamako form. The Mopti form is 
generally associated with the M molecular type except for rare cases (Della Torre et 
al. 2001). A major advantage of the M/S classification is that it has facilitated 
processing large numbers of samples and screening them for hybrid-like patterns. 
Favia et al. (1997) did not report observing F; hybrids, but Della Torre et al. (2001) 
reported 2 hybrids out of 1161 sampled individuals. Tripet et al. (2001) reported 1 
hybrid out of a sample of 330 females analysed, Edillo et al. (2002) reported 4 hybrid 
larvae out of ~350, and Diabate et al. (2003) found | hybrid out of 2000 individuals. 

Another region of the r-DNA locus, the Intergenic Transcribed Spacers (ITS), ITS 
1 and 2, located upstream of the IGS locus has been studied in detail by Gentile et al. 
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(Gentile et al. 2001; 2002). As in the IGS region, fixed differences were found 
between chromosomal forms. The two loci (IGS and ITS) were found to be in perfect 
linkage disequilibrium. Polymorphic sites in the ITS segregated according to M and S 
forms, thus resulting in the definition of two main ITS types, type I (S form) and type 
II (M form) (2001; Gentile et al. 2002). They recovered a third ITS type (ITS type III) 
from an isolated population of S-form individuals on the island of Sao Tomé. ITS type 
III shares homologies with types I and IJ. The Gentile et al. (2002) study is 
particularly interesting in that, in addition to identifying fixed differences between the 
previously described M and S types, it provides a parsimony analysis of the ITS 
sequences from various populations across Africa. The parsimony analysis was 
conducted to estimate the minimum number of evolutionary steps, in this case point 
mutations, between ITS variants. As advocated by different authors (Favia et al. 2001; 
Gentile et al. 2001) this step should be taken whenever new populations are studied to 
ensure that the M/S or ITS type I, II and III classifications provide the most 
parsimonious description of r-DNA distributions. 


Evidence from isozymes and microsatellites 


Estimates of genetic distances between chromosomal forms have been calculated, 
first using Wright’s Fs7’s based on allozyme frequencies (Cianchi et al. 1983) and 
later using microsatellite loci (Lanzaro et al. 1998; Wang et al. 2001). Estimates based 
on isozymes yielded values similar to those found between local populations of a 
single mosquito species (Cianchi et al. 1983). Because isozymes may not have the 
resolving power to detect differentiation between recently diverged forms, Lanzaro et 
al. (1998) conducted a study based on 21 microsatellite loci distributed over the 
genome, examining genetic differentiation between the Bamako and Mopti forms in 
Mali. The study revealed strong genetic differentiation between An. gambiae and An. 
arabiensis, used here as an out-group. Within An. gambiae s.s. different patterns of 
genetic differentiation, depending on the genomic location of the microsatellite loci, 
were observed. No genetic differentiation was found on the third and X chromosome, 
whilst strong linkage disequilibrium and low levels of genetic differentiation were 
found for loci located on the second chromosome (Lanzaro et al. 1998). Another study 
using microsatellites distributed on all three chromosomes was conducted by Wang et 
al. (2001), but this time comparing a mixed ‘population’ of An. arabiensis from Mali 
and Kenya with an M molecular form (equivalent to Mopti in that area) population of 
An. gambiae s.s. and a pooled sample of S form (mixed Savanna and Bamako) from 
two villages. Because the authors did not provide evidence that the two populations of 
An. arabiensis that were pooled had similar allele frequency distributions, it is 
difficult to judge if the data can be used for the tests they employ. Similarly, 
heterogeneity in the S-form pooled samples (2 locations and 2 chromosomal forms) 
may violate the assumptions of homogeneity required by most methods for estimating 
genetic divergence between the M and S forms. Despite these flaws, the paper 
reported results similar to Lanzaro et al. (1998) and, interestingly, showed that two 
loci located near the r-DNA coding area on the X chromosome exhibited strong 
differentiation and linkage with the r-DNA M and S types. In a recent paper, Wondji, 
Simard and Fontenille (2002) found low levels of genetic differentiation (Fs = 0.06) 
between sympatric populations of the M and S forms of the Forest cytotype in 
Cameroon. Some microsatellite studies have been interpreted as indicative of 
incomplete reproductive isolation between chromosomal/molecular forms, with low 
amounts of gene flow occurring at regions of the genome away from inversions 
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(Lanzaro et al. 1998; Tripet et al. 2001; Onyabe and Conn 2001). In others, it has been 
suggested that reproductive barriers between the M and S molecular forms may be 
complete (Wang et al. 2001; Wondji, Simard and Fontenille 2002). 


The kdr-resistance genetic sweep 


Paradoxically the ongoing spread of kdr resistance to pyrethroid insecticides in 
West Africa has been invaluable in providing researchers with an unambiguous tool to 
describe the extent of reproductive isolation between An. gambiae forms. Early work 
by Chandre et al. (1999) in Ivory Coast showed kdr resistance to be present only in 
the S molecular form, thus supporting the complete reproductive-isolation hypothesis. 
Shortly thereafter, however, kdr resistance was found in M-form individuals in Benin 
and molecular comparison of sequence in an upstream intron suggested that it arose 
through introgression rather than as an independent, new mutation (Weill et al. 
2000). Sequences from 90 resistant individuals from Benin, Ivory Coast and Burkina 
Faso also showed a loss of genetic diversity in the intron upstream of the kdr locus. 
These results suggest that areas of the genome proximal to the kdr locus may be 
hitchhiking along with the kdr mutation in what is commonly referred to as a genetic 
sweep (Weill et al. 2000). This has important implications in terms of gene flow 
between molecular forms as it would prove unequivocally that introgression recently 
occurred between the M and S forms and thus support the hypothesis of residual gene 
flow in areas of sympatry. In another study of karyotyped and molecular-typed 
material from Ivory Coast and Benin, Della Torre et al. (Della Torre et al. 2001) 
showed that kdr segregated with the molecular IGS type in Ivory Coast but that in 
Benin it occurred in both M and S types of the Forest and Savanna chromosomal 
forms (Fanello, Akogbeto and Della Torre 2000; Della Torre et al. 2001). The kdr 
mutation has since been identified in the M form from Burkina Faso (Diabate et al. 
2003) and from M-form individuals from Mali (D. Norris pers. comm.). It is unknown 
at this point if these instances of kdr resistance in M-form populations are caused by 
independent mutations or if they are again the result of introgression between forms, 
although the latter seems likely based on the Benin experience. It is noteworthy 
however that the kdr resistance gene has only been reported in populations where the 
M form co-occurs with S-form Savanna or Forest populations where between-form 
gene flow is a plausible explanation. 


Processes of reproductive isolation 


Introgression between chromosomal forms that do not exhibit obvious post-mating 
reproductive barriers (Di Deco et al. 1980; Persiani, Di Deco and Petrangeli 1986), 
raises the question of how they maintain genetic identity. If ‘hybrids’ between forms 
do not suffer fitness costs, recombinational events would ultimately break down pre- 
mating reproductive barriers. Tripet et al. (2001) used the Favia diagnostic combined 
with microsatellite genotyping to study mating patterns between the M and S forms in 
Mali. Genetic analyses of wild-caught An. gambiae females and the sperm extracted 
from their spermatheca revealed strong assortative mating within forms. However, a 
small percentage of matings were between forms (females mated with the wrong 

males) (Tripet et al. 2001; 2003). If between-form mating, ‘hybrid’ larvae and 
‘hybrid’ adults occur in the wild, then one might reasonably expect that selection acts 
against hybrid-like genotypes. This hypothesis may be tested by comparing MxS 
hybridization rates at different developmental stages and attempting to detect a 
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reduction in hybrid survival. Although a formal study of this kind has not yet been 
conducted, some interesting data exist. In the village of N’Gabacoro Droit in Mali, 
where the Mopti and Bamako forms predominate during the rainy season, Tripet et al. 
(2001) found the frequency of cross-mating equal to 0.00839 but the frequency of 
hybrid adults substantially lower, 0.00303, lending support to the hypothesis that 
selection acts against hybrids. In the nearby village of Banambani, where the Mopti, 
Savanna and Bamako forms co-occur, Edillo et al. (2002) found a frequency of hybrid 
larvae of 0.01127, suggesting higher introgression levels in that population, but, 
unfortunately, the matching data on adult hybridization rate were not available. 
Clearly, larger studies examining hybridization rates at different developmental stages 
within single populations are needed in order to provide the statistical power required 
to test this hypothesis adequately. 

If strong assortative mating occurs in natural populations, then there must be 
reliable cues allowing chromosomal forms to recognize each other. Finding 
differences in recognition mechanisms could allow us to map such phenotypic 
differences to precise areas of the genome. There has been, thus far, little research 
done on behavioural or physiological differences between forms. In a preliminary 
study, Milligan et al. (1993) found differences in cuticular hydrocarbons between 
samples from chromosomal forms living in sympatry, but no study was ever published 
confirming these results with adequate sample sizes. It has also been suggested that 
sibling species within the An. gambiae complex could recognize each other using 
flight tones created by their wing-beat frequency. Although recordings of flight tones 
from laboratory colonies of An. arabiensis and An. gambiae s.s. seemed to support the 
wing-beat hypothesis (Brodgon 1998), field data showed significantly different but 
largely overlapping distributions of wing-beat frequencies (Wekesa et al. 1998). 
Tripet et al. (unpublished data) used F;’s from field-collected mosquitoes reared in the 
laboratory and measured under controlled conditions and found no difference in wing- 
beat frequencies between sympatric populations of An. arabiensis and the Mopti and 
Savanna forms of An. gambiae s.s.. The chemical or behavioural cues and 
mechanisms used by mosquitoes for mate recognition remain unknown. 


Conclusions and perspectives 


Although discrepancies exist in the literature certain conclusions emerge that 
provide a useful picture of patterns of gene flow among populations of An. gambiae, 
particularly as they relate to the release of genetically modified individuals for malaria 
control. This species is genetically diverse over its range, even at the local level. On 
the continental scale An. gambiae does not appear to exist as a single, genetically 
undifferentiated population, but rather can roughly be subdivided into at least two 
major population groups, one in the north-western part of its range and a second in the 
south east. These two groups appear to be separated by the Rift Valley and other 
inhospitable environments. The importance of physical features that restrict the 
movement of genes between populations such as the Rift Valley in East Africa has 
been confirmed by many studies and it is likely that similar, perhaps more subtle 
physical barriers exist in other places within the range of An. gambiae. Distinct, 
recognizable subpopulations, designated as chromosomal or molecular forms exist on 
a local scale in West Africa. In some parts of West Africa populations consist of only 
one form, in others multiple forms may occur in a single village. Although 
populations in East Africa do contain substantial genetic polymorphism there is no 
evidence that this is organized into reproductively isolated subpopulations (forms). 


124 


Lanzaro and Tripet 


Studies aimed at determining the influence of geographic distance on the extent of 
gene flow between populations within An. gambiae forms have led to conflicting 
results. Some studies yielded results suggesting that gene flow fits an isolation-by- 
distance model, others not. Populations in which isolation by distance is found can be 
considered ‘problem-free’ from the perspective of the release of transgenic strains 
because the transgenes should spread between sites. Currently, however, detecting 
isolation-by-distance patterns is too often an issue of using proper methodology rather 
that a reflection of the mosquito biology. Studies based on indirect estimates of gene 
flow on the local scale suggest that this species is a good disperser and that gene flow 
among villages within a radius of tens or even hundreds of kilometers is extensive. 
Although dispersal is likely to vary depending on the season and the nature of the 
environment, this suggests that isolation by distance should be detected whenever 
adequate sample sizes and genetic markers are used and a proper geographical scale is 
identified. Further research in this area is warranted and could be facilitated by recent 
methodological improvements. These include development of more powerful 
statistical procedures for estimating gene flow (e.g. assignment tests) along with 
improvements in the types of molecular markers available for describing the genetics 
of populations (e.g. polymorphism in single-copy nuclear genes). 

Comparing the relative amounts of gene flow taking place between forms and 
among populations is the first step towards predicting the trajectory of introduced 
refractory genes. Given the multiplicity of markers available and their respective pros 
and cons this poses two major challenges. The first one is to detect genetic complexity 
itself within often poorly described populations. The second lies in measuring gene 
flow between those populations. In some areas of Africa, complex populations where 
current gene flow between forms is known to occur have been identified. Those are 
populations where M/S form hybrids have been found or hybridization is suspected 
because the kdr resistance introgressed from the S form into the M form. The 
frequency of ‘hybrids’ between molecular forms has been estimated at 0.05-0.3% 
depending on the population under study, a rate adequate to explain the general lack 
of genetic differentiation among forms that has been observed in numerous studies. If 
we use a conservative estimate of effective population size (N.) of 2,000 this yields an 
estimate of Nm = 0.003 x 2,000 = 6, a value large enough to result in the complete 
introgression of subpopulations into a single, undifferentiated gene pool (Hartl 1980). 
Decreased fitness of hybrid individuals may provide a mechanism that maintains the 
integrity of subpopulations, but there are currently no firm data supporting this 
hypothesis. 

Structuring of populations into multiple, reproductively isolated gene pools would 
present an obvious difficulty to attempts at introducing genes into these populations, 
but may also present advantages. One difficulty in the stable introduction of a gene 
into a large population is overcoming an introduction threshold (minimum number of 
released transgenic mosquitoes required to transform a population) that, among other 
things, depends on the size of the host population. Thus, the fragmentation of 
populations into multiple smaller and reproductively isolated subpopulations helps to 
reduce this threshold effectively and facilitate the successful integration of an 
introduced gene. This would, however, require the production of multiple engineered 
strains. There may be additional advantages if, as seems to be the case, reproductive 
barriers between An. gambiae forms, are not complete. In this case a transgene could 
initially be introduced into a subpopulation of one form. As this gene increases in 
frequency a higher and higher proportion of the relatively rare matings between forms 
would involve individuals carrying the gene of interest. If a sufficiently effective drive 
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mechanism is associated with the desirable gene this introgression would represent a 
new introduction into the sympatric subpopulation of the other form. If valid, this 
scenario would not require the production of multiple transgenic strains. Current 
observations on the spread of the kdr gene may be an example of this phenomenon. 
The kdr gene was initially introduced into S-form subpopulations via mutation or 
migration. Later, the same gene appeared in sympatric M-form subpopulations. In this 
case kdr is being “driven” by exposure of these populations to pyrethroid insecticides, 
imparting a fitness advantage to those individuals carrying this gene. 

There is a strong need for behavioural ecological studies aimed at understanding 
mating behaviour in habitats where different forms of An. gambiae co-exist. For 
example, the wing-beat hypothesis assumes that the different forms swarm together 
but such data have never been collected in the field. If such is the case and if, as 
suggested by wing-beat studies, auditory cues are not involved in form-specific 
recognition in mating, one can reasonably assume that contact pheromones may be 
involved, and this needs to be explored. Advances in these areas of research may 
provide invaluable help in producing transgenic strains that mate competitively in the 
field. Whatever the genetic-drive system involved, it is likely that a genetically 
modified mosquito will exhibit fitness costs. These can be associated with the genetic 
construct itself, linked to the expression of inserted genes or caused by genetic drift 
and selection processes occurring during their rearing in the laboratory (Huettel 1976; 
Yan, Severson and Christensen 1997; Catteruccia, Godfray and Crisanti 2003). These 
costs should have few consequences if released mosquitoes mate randomly with local 
populations. However, if they mate only with a subset of the target population, 
selection will drive the evolution of wild populations that avoid mating with released 
mosquitoes. Under such conditions, transforming local populations may prove much 
more difficult than expected and may require either much larger releases or complex 
schemes aiming at regularly refreshing the genetic make-up of transformed strains. 
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Glossary 


assortative mating — Sexual reproduction involving the non-random pairing of 
individuals which are more closely alike than the average in respect of one or 
more traits. 

chromosomal arrangement — Structural characteristics of the chromosome with 
special reference to aberrations such as inversions. 

dispersal — Outward spreading of organisms or propagules from their point of origin 
or release; one-way movement of organisms from one home site to another. 

divergence — The acquisition of dissimilar characters or traits by related organisms. 

effective population size, Ne — The average number of individuals in a population 
which are assumed to contribute genes equally to the succeeding generation. 

Fst — Correlation between allelic frequency distributions inferred from random 
gametes within a subpopulation relative to the frequencies calculated for 
gametes within the entire population. 

gene complex - System of interacting genes. 


126 


Lanzaro and Tripet 


gene flow — The exchange of genes within and between populations by interbreeding 
or migration. 

genetic differentiation - The acquisition of dissimilar genetic characteristics by 
related organisms. 

genetic sweep - The decrease in genetic variation due to hitchhiking found in areas of 
the genome adjacent to an advantageous mutation after it spread through a 
population. 

heterokaryotype — A genome or individual that is heterozygous for a chromosomal 
rearrangement such as an inversion. 

hitchhiking - Increase in allelic frequency due to the low recombination rates 
observed for alleles at loci located near an advantageous mutation but 
themselves neutral with regard to that mutation. 

introgression — The spread of genes of one species into the gene pool of another by 
hybridization and backcrossing. 

inversion — A chromosomal aberration in which a segment of the chromosome 
exhibits the reverse orientation of bases at a particular site, the segment having 
rotated through 180°. 

microsatellite DNA — DNA sequence made up of a single sequence motif, no more 
than six bases long, that is tandemly repeated without interruption by any other 
base or motif. 

parsimony analysis — Analysis based on the principle of invoking the minimal 
number of evolutionary changes to infer phylogenetic relationships. 

peripatric speciation — The origin of new species by the modification of peripherally 
isolated founder populations. 

transgenes — Genes that are transferred artificially from one species to an unrelated 
species, in which they are maintained and manifested phenotypically. 

transposable element — A class of genes that are capable of spontaneously moving 
from one chromosome to another or from one position to another in the same 
chromosome. 
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Abstract 


Effective population size (N.) is a single number which allows us to relate a large 
part of population-genetics theory built around ideal populations to real populations. 
In the case of Anopheles gambiae, N. is important to interpreting the temporal and 
spatial distribution of genes. These patterns are in turn used to explore the structure of 
(typically non-ideal) natural populations. We discuss the complex structure of An. 
gambiae s.s. in and around Banambani, Mali, as it is currently understood, based on 
estimates of N.. This reveals a population that is structured temporally between and 
within years, spatially between villages and non-dimensionally into chromosomal 
forms. We suggest that the subpopulations of this species might usefully be viewed as 
a metapopulation. Successful and efficient genetic modification of An. gambiae will 
require as complete an understanding of their population structure as possible, which 
we believe can be attained through the convergence of multiple population-genetic 
techniques and the application of new methods. 


Keywords: effective population size; N.; Anopheles gambiae; population structure; 
Mali 


Introduction 


The abstract ideal for most theory in population genetics and ecology is a 
panmictic population — a single, randomly mating group of individuals in which the 
population size stays constant, all offspring have an equal chance to reproduce and 
there is no geographic variation in gene or genotype frequencies. Like frictionless 
surfaces or perfect vacuums in theoretical physics, the ideal panmictic population 
plays an important role in theoretical population genetics, though no such ideal 
population actually exists. Rather, all real populations are in some way(s) structured. 
That is to say, they consist of subpopulations that are finite in size, may or may not 
mate randomly, may or may not share migrants among one another, and probably 
change size over time. Making inferences or predictions about these populations 
requires that their structure be understood and described in a manner commensurate 
with existing theory. The notion of effective population size, N., plays an especially 
central role for describing this population structure. N. may be defined to be the size 
of an ideal population that exhibits the same rate of drift as the actual population it 


* Department of Organismic Biology, Ecology and Evolution, University of California, Los Angeles, 
CA 90095-1606 E-mail: taylor@biology.ucla.edu; manoukis@ucla.edu 


133 


Chapter 10 


characterizes. As Futuyma (1998) puts it: “if we count 10,000 adults in a population 
but only 1,000 of them successfully breed, genetic drift proceeds at the same rate as if 
the population size were 1,000, and this is the effective size”. Alternatively, as 
discussed later in this chapter, there are huge seasonal differences in the population 
size of An. gambiae. The harmonic mean of these sizes is N.. Ne was introduced by 
Sewall Wright, with important subsequent contributions by G. Malécot, J. F. Crow, 
M. Kimura and others. See Wright (1969), Crow and Kimura (1970) and Kimura and 
Ohta (1971) for useful and accessible discussions. 

In this chapter we are concerned with N, as it can be used to describe and make 
inferences about the population structure of Anopheles gambiae s.s., with an emphasis 
on its utility for guiding efforts to introduce a genetically modified vector to control 
malaria. After a few introductory remarks about taxonomic questions we will describe 
the population biology of An. gambiae in one location that has been studied for 
several decades. With these components to anchor the discussion we will examine 
how N, and associated parameters of population structure are measured generally, and 
their values estimated specifically at our focal location. We then mention some new 
theoretical developments that are likely to assist our understanding. Finally, we 
conclude with some recommendations about what, in our opinion, are the outstanding 
research questions about population structure that must be investigated prior to an 
attempt to genetically modify natural Anopheles populations. 

The population structure of An. gambiae is quite complex. The highest taxonomic 
level in the system is An. gambiae sensu lato (s.|.) that comprises at least 7 species, 
one of which is An. gambiae sensu stricto (s.s.). An. gambiae s.s. in turn has as many 
as 5 different “chromosomal forms.” In some locations (e.g. Mali), distributions of 
chromosomal forms coincide with “molecular forms” which can be distinguished with 
polymerase chain reaction (PCR) assays (Favia et al. 1997; 2001). This is not, 
however, the case in all locations (Della Torre et al. 2002; 2001). Gene flow across 
the forms is limited, so this is an important part of the population structure. For a 
comprehensive survey of the chromosomal forms of An. gambiae s.s. see Touré et al. 
(1998b), and for a recent description of the population structure around Banambani, 
Mali, see Taylor et al. (2001). 

Our principal focus in this paper is on Anopheles gambiae s.s. in the village of 
Banambani, Mali, and its surrounding area, where three chromosomal forms are 
present — termed Bamako, Savanna and Mopti. There are at least three types of 
structure that relate to N, in this area. The first is the extent of population-size changes 
over the year and between years. The second is the structure imposed by 
chromosomal forms. Finally there is geographic structure because the species inhabits 
discrete patches (villages), among which gene flow is limited. A significant 
understanding of the complex structure in the study area is critical for the successful 
introduction of genetically modified An. gambiae. It is important to know, for 
example, how many individuals will need to be released in order to alter the 
population, how fast the introduced genetic element will spread from the site of 
release and if it will move from one form or species into another. As we will see 
below, even simple models for known features of population structure in this species 
lead to quite complex patterns of gene flow. 


Structure of Anopheles gambiae s.s. at Banambani 


Mark-release-recapture (MRR) studies conducted at peak seasonal abundance 
during a six-year period indicate that there is much variation in the size of local 
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populations of An. gambiae s.s. Annual abundance estimates varied at least 4-fold, as 
shown in Table 1, from Taylor et al. (2001). Compounding the variability of 
population size between years, the density of An. gambiae s.s. changes dramatically 
within a single year. For example, a survey in non-irrigated villages near the Niono 
irrigation projects (Dolo et al. 1999) found peak numbers of bites in villages during 
the wet season to be more than 1000 times the number recorded during the dry season. 


Table 1. Population sizes from 1993 to 1998 estimated from mark-release-recapture 
experiments at the village of Banambani, Mali (from Taylor et al. 2001). All measurements 
were made at the peak of seasonal abundance (August-September). 


Year Replicates Released Recaptured __ Daily Survival Estimated N 
1993 3 938 83 0.80 20,178 
1994 4 1,913 57 0.80 64,002 
1996 4 1,421 44 0.92 63,006 
1997 2 1,002 24 0.97 53,400 
1998 4 1,205 22) 0.97 79,280 


Seasonality seems to vary from place to place; near our study site in Banambani we 
have estimated dry-season population sizes to be 5 to 10% of the wet-season peak 
(Taylor et al. 2001, Touré, personal communication). Assuming a more or less 
exponential growth and decline between the seasonal low and highs, a typical annual 
cycle in the An. gambiae s.s. population at Banambani is depicted in Figure 1. 

Incidence of the chromosomal forms of An. gambiae s.s. also vary during the year. 
All three forms, Bamako, Savanna and Mopti are about equally numerous during the 
wet-season peak, in late August to early September, but during the drier part of the 
year the Savanna and Bamako forms decrease in numbers, so Mopti individuals 
comprise nearly all of the mosquitoes that can be collected then. Based on the data of 
Touré et al. (1998b) the numbers of each form are approximately as shown in Figure 
23 

The three forms found at each location are thought to exchange genes among 
themselves, though how much and the significance of this is still unclear. 
Nonetheless, some exchange certainly occurs. The extent of this is further discussed 
in Taylor et al. (2001). Based on the number of hybrids observed, the number of 
migrants from one form to another is estimated to be in the order of 0 - 11% 
depending on the forms exchanging genes and the manner in which gene flow was 
estimated (Touré et al. 1998b; Tripet et al. 2001). There is currently insufficient 
information to determine whether gene flow is symmetrical or not. 

Finally, there appears to be some movement of individuals among villages. Touré 
et al. (1998a) and Dolo (2000) report on MRR studies where released females were 
captured in neighbouring villages, but the numbers were low and the confidence limits 
large. As would be expected, there appears to be less gene exchange among villages 
farther apart than among those closely together (Johnson 1969). Carnahan et al. 
(2002) collated all of the available microsatellite DNA studies and found a linear 
relation between distance and log gene flow (i.e. Log N.m), as expected from 
theoretical considerations (see Table 2, below, and Kimura and Ohta 1971). In this 
case m is the {number of migrants entering a subpopulation}/{the size of that 

‘ subpopulation}. For distances a few kilometres apart, the typical inter-village distance 
around Banamabani, m is about 0.008-0.039. 
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Figure 1. Estimated seasonal change in size of the adult population of Anopheles gambiae s.s. 
in Banambani, Mali. The broken line represents the value of N., calculated as per equation 
(1), below. 
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Figure 2. Estimated size of the adult populations of each of three chromosomal forms of 
Anopheles gambiae s.s. collected in and around Banambani, Mali. 
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Putting all this together, the full population structure around Banambani is 
summarized in Figure 3, according to the best information available. 


Figure 3. Summary of the population structure of the three chromosomal forms around 
Banambani, Mali. The series begins in the dry season (March) and proceeds through the 
following dry season (February). The population sizes of the three chromosomal forms are 
shown as discs, with the area proportional to the size of the population. The discs at each 
location represent (from bottom to top): Mopti, Savanna and Bamako forms. Locations in the 
map shown hosting populations are those sampled by Touré et al. (1998a). Villages between 
them are not shown. All connecting pipes represent gene flow; white is between chromosomal 
forms and black is between villages. The diameter of the pipe is proportional to the magnitude 
of migration. The time bar in the upper right corner of each frame represents one year from 
March to March. The full movie from which these frames were excerpted is available online 
at http://taylor0. biology.ucla.edu/~manoukis/Structure. 


Measuring population structure 


Several methods have been used to measure the principal features of population 
structure, population sizes and migration rates. These have been classed as “direct” or 
“indirect” by Slatkin (1985), and correspond to “ecological” and “genetic” by Taylor 
and Powell (1983). Here we follow Slatkin’s terminology. 

Direct measures of population structure consist of those measures of population 
properties themselves. For example, several groups have conducted MRR studies of 
adult female An. gambiae (see Costantini et al. 1996; Touré et al. 1998a). Relative 
density can be estimated from how many bites a sedentary person receives during 
fixed periods (Dolo et al. 1999), and larval dippings have been used to estimate 
numbers of immatures (Service 1993). Movement and migration are inferred by 
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recaptures from distances or villages away from a release site and interbreeding 
between forms by the numbers of hybrids that can be detected. Service (1993) has an 
extended discussion about application of these methods for mosquitoes; more general 
discussions of these topics can be found in Blower, Cook and Bishop (1981), Johnson 
(1969) and Turchin (1998). 

Indirect measures of population structure are the methods of primary interest here. 
A particular history of size change and gene flow should give rise to corresponding 
patterns of allele frequencies in space and/or time. If those patterns can be 
appropriately measured, then it is frequently possible to work backwards and infer the 
population structure that gave rise to the pattern. Some population-genetic patterns 
that have been measured to infer the structure and history of populations are shown in 
Table 2. 

Exact specification of the models and precise definitions of the variables is not 
possible here; the references given should be consulted for these. Very briefly, n. 
refers to effective number of alleles and 6 is a measure of genetic diversity derived 
from allele frequencies by Watterson (1975), often used in coalescent theory. These 
both depend on the product of effective population size and neutral mutation rate, 
There are several models of gene flow that have received theoretical attention; these 
differ about the importance of long-distance (m or m.), or short-distance (m7) 
migration and whether there are discrete populations of size N. or if they are 
distributed with a constant density. Distance, whether continuous (x) or discrete 
population steps (p), affects how correlated are populations to one another. Fs7 is a 
correlation of allele frequencies across subpopulations, closely related to r(p) and 
d(x). (N. is defined for these measures and could be incorporated into the equations, 
but we have chosen to leave them in their more traditional forms.) Because large 
populations are expected to drift more than small populations, change in allele 
frequency (p) from generation to generation, measured by o°(p), will depend on 
effective population size. And finally, when gene trees are constructed, the time, f, to 
the most recent common ancestor, MRCA, will depend on effective population size 
and mutation rate. 


Table 2. Some indirect methods used to study patterns of genetic variation. Key: HC = Hartl 
and Clark (1997); H = Hudson (1990); FL = Fu and Li (1999); CK = Crow and Kimura 
(1970); KO = Kimura and Ohta (1971); A = Anderson, Williamson and Thompson (2000); W 
= Waples (1989). 


Measure Formulae Reference 
1. Amount of polymorphism n, =4N,u+1 HC 
O~4N u HEE 
2. Differentiation of populations CK; KO 
Island model f= 1/(4N,m +1) KO 
Isolation-by-distance model d(x)  Exp[- x(2u)!? Jo KO 
Stepping-stone model 1(p) « Exp[- e(4m,,/m, )'” |/ Je KO 


3. Temporal changes in allele o°(p)* p(1-p)[1-(1-1/2N )] A; W 
frequency ’ 


4. Coalescence t(MRCA)~ N.m HEE 
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Patterns of detectible genetic variation shown in Table 2 are all sensitive to the 
structure and history of the population being studied. Taken together with estimates of 
N., these provide insight into how populations of An. gambiae are structured, though 
there may be more than one interpretation for any particular pattern. 


Estimating N, 


In the equations in Table 2 the estimates of effective population size can be taken 
as similar to the actual population size, N, but because of the extensive structure 
already discussed, N is likely to be a poor approximation of the effective population 
size. Recall from above that N. is defined to be the size of an ideal population that 
exhibits the same rate of drift as the actual population (Crow and Kimura 1970). Such 
drift might affect inbreeding, variance in gene frequencies, or rate of extinction of 
alleles. Consequently, one can distinguish inbreeding-effective population size, 
variance-effective population size, and eigenvalue-effective population size or 
extinction-effective population size (Crow 1956). In most cases these will be similar 
to one another and no distinction need be made, but in some instances they can differ 
substantially (see Kimura and Ohta 1971). 

Figure | illustrates how an ideal population may drift at the same rate as the 
average drift of an actual population. When the population size is low, as at the 
beginning and end, then the allele frequencies will drift rapidly, but when the 
population size is large, then the drift will be slower. Between these extremes there 
must be an average rate that can be calculated by noting that the rate of drift at time ¢ 
is proportional to 1/N,. The average rate of drift, described by 1/N-., is seen to be: 


(1/N.) = (1/k) (1/N, + I/N> + ... +1/Ni) (1) 


Other adjustments can be made for other departures from the idealized, panmictic, 
population. For example when there are N,, males and Nyfemales then asymmetrical 
contributions to the next generation can be adjusted by: 


Ne = (4 Nm Ny) (Nm + Np (2) 


How important unequal sex ratios are for Anopheles is, at present, unknown. We 
do not know how many males actually mate and this number might be highly skewed. 
A third type of adjustment, for non-Poisson survival of offspring, is 


Ne = (4N- 2)/(Vu + 2) (3) 


where V; is the variance in numbers of offspring per parental pair. When survival of 
each egg has a Poisson distribution with mean 2, then Vy, = 2. The true variance is 
probably much greater. Consider a common larval site for Anopheles, puddles. 
Survival of all the eggs laid there is hit or miss, in large part dependent on whether the 
puddle dries up or is washed away. Assuming that each female lays several eggs when 
she oviposits, then some few females who lay in fortunate sites will produce more 
offspring than others, thereby increasing V; and decreasing N.. 

Note that these equations all refer to discrete generations, an idealization that is not 
really appropriate for An. gambiae. It is possible to make adjustments when a stable 
age distribution can be inferred, but a rough approximation — that N, is roughly the 
number of mosquitoes born during some time interval that make it to the age of 
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reproduction times the number of time intervals during which they reproduce — is 
more practical. In general multiple considerations to correct N so it approaches NV. can 
be combined with one another, simply by taking a composite function (Kimura and 
Ohta 1971). 


Anopheles gambiae s.s. and metapopulations 


Combining the information above we get the following picture of genetic structure 
on Anopheles gambiae s.s. at our focal research site, Banambani village, Mali (Table 
3). The calculations and rationale are described in Taylor et al. (1993) and Lanzaro et 
al. (1998). 


Table 3. Estimates of effective population size presented in relation to some of the structure in 
An. gambiae around Banambani, Mali. In this table the total effective population size is a bit 
larger than the sum of those for the forms it comprises. This is because of rounding error and 
because there are some unassigned or hybrid individuals. 


Parameter Notation Value (Banambani, Mali) 
Effective population size Noiar 4,400 
NeBam 900 
Ne. sav 1,500 
N., Mop 1,900 
Migration to adjacent population Mss 0.008 
Gene flow among forms Nemes 16 
N.mMsy 12 
N.Mpo 2, 


The figures in Table 3 vary in their reliability, particularly the numbers and 
migration rates when population sizes are small during the dry season. Frankham, 
Ballou and Briscoe (2002) report that an average ratio of N./N across many species is 
approximately 0.1, not far off from the ratio estimated from Tables 1 and 3. There is 
little allowance here for year-to-year variation, which we know to be substantial in 
our study area (Table 1). In addition to temporal structure, the population of this 
species around Banambani is structured spatially (between villages) and non- 
dimensionally (non-random mating due to chromosomal forms), in the terminology of 
Taylor and Powell (1983). This degree of complexity is hard to capture and quantify 
even with multiple patterns of genetic variation. 

A new development in ecological genetics — metapopulation analysis — holds much 
promise for furthering our understanding of structure in this species. A 
metapopulation is a set of local populations, many of which may be unable to sustain 
themselves, where local extinction may be frequent, but where migration and 
recolonization can retain a dynamic equilibrium. 

Several types of metapopulations can be distinguished (see Hanski and Gilpin 
1997). Three of these have particular significance for the introduction of genetically 
modified An. gambiae: (1) The 'classical' metapopulation of Levins (1969), a network 
of equivalent local populations that inhabit discrete patches. The probability of 
extinction is equal for all patches, as is the probability of recolonization and origin of 
migrants. (2) A mainland-island metapopulation, a system of habitat patches which 
are within dispersal distance of a very large (mainland) patch which never suffers 
extinction. (3) A source-sink metapopulation, where some patches have a negative 
growth rate (sinks) and are maintained by migration from patches with a positive 
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growth rate (sources). Which patches are sources or sinks may vary seasonally or 
otherwise. 

Describing the metapopulation of An. gambiae around Banambani as one of these 
types or as an intermediate will require careful application of direct and indirect 
methods of assessing structure. Genetic data can be used to test particular hypotheses 
about structure and type as an extensive body of theory now exists that describes how 
the patterns of gene frequencies and molecular evolution are determined by 
metapopulation structure. A better description of the importance of drift for the 
population can be attained by examining this type of question. Detailed discussion of 
these is beyond the scope of this work, but the reader is referred to Pannell and 
Charlesworth (2000), Gavrilets, Acton and Gravner (2000), Whitlock (1999) and 
Slatkin (1977) for good examples of the utility of metapopulation theory. 

We have used computer simulation to explore how a transposable element might 
move through a classical metapopulation under very simple conditions. The outcome 
of one such simulation is shown in Figure 4, for a transposable element released at a 
frequency of 0.1 in the Mopti population of one village in March. This hypothetical 
transposable element is associated with a single gene which induces 100% 
refractoriness to Plasmodium. We assume that there is no dissociation of the 
transposable element and the gene of interest. In addition, the transposable element 
has a fixed level of meiotic drive so that heterozygotes would contribute 2p(1-p)(/ +i) 
of the modified gene rather than the 2p(/-p) of Mendelian segregation. We took i= 
0.75 for these simulations. We assumed that it had no negative fitness effect on the 
carrier. These conditions are oversimplified (Boéte and Koella 2002), but our purpose 
here is to explore the effect of structure on the movement of an ideal transposable 
element and gene for malaria refractoriness. The incorporation of more realistic 
transposable-element dynamics to this simulation is a future goal. 

The status of the population at two-month intervals for two years is illustrated. The 
degree of red coloration in the figure shows what proportion of the population is 
carrying the transposable element. It is evident that incorporation of the transposable 
element is far from simple and depends critically on the population structure. 

With the prospect of introducing a transposable element into the population, it is 
critical to understand more about the equivalency, permanence and demographic 
synchrony of patches. The results attained this far go part of the way to describing 
important characteristics of the metapopulation. The mathematical analyses and 
computer simulations made to date are still only rough. Much more detail, especially 
with regard to population properties during the dry season, contributions from 
different locations where immatures develop and more information on mating 
behaviour are desirable to attain a level of resolution that will make modelling of the 
effect of such a transposable element effective and any introduction successful. 


Conclusion and recommendations 


Estimates of effective population size are of little intrinsic interest by themselves. 
This is particularly evident when we consider genetic-modification schemes like the 
release of a transposable element into the metapopulation. In these circumstances 
neutrality cannot be assumed, so random genetic drift, to which WN, refers, is largely 
_ irrelevant to incorporation of the transforming genes. Rather, the importance of N, lies 
in its utility to probe the structure of the population by allowing us to relate observed 
patterns of allele frequencies to particular aspects of population structure, which we 
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Figure 4. Simulated movement and frequency change of a transposable element through a 
metapopulation of Anopheles gambiae s.s. around Banambani, Mali. The release consists of 
0.1 of the Mopti population in Banambani in March. Symbolic representations of the 
structured population are as in Figure 3, with the addition of red coloration to depict the 
proportion of the population which possesses the transposable element. The full movie from 
which these frames were excerpted is available at: 
http://taylor0.biology.ucla.edu/~manoukis/Structure. 


have seen is very relevant for determining the pattern of transformation. In this area, 
the estimation of N, will remain critical and of enormous utility. 

It is not known if genetic modification will proceed through the use of transposable 
elements or if malaria control will be accomplished through other methods. It may, for 
example, happen that sufficiently variable refractory mosquitoes can-not be made, 
that the genetic changes can-not be effected into natural populations or that ethical 
considerations will preclude usage of this method. Our research agenda should be 
constructed so that information acquired by our efforts will benefit malaria control by 
any means — such as bed nets, a vaccine, anti-malarial drugs or new insecticides. 

Both direct and indirect measures of gene flow will be necessary for estimates of 
population structure. They each give somewhat different information because they are 
based on different assumptions (Slatkin 1987). Direct methods are necessarily bound 
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by space and time and have low sensitivity, which is to say they are not well suited to 
detecting rare events. On the other hand, recorded events are real and may give insight 
into yearly cycles or median conditions, given enough observations. Indirect methods 
typically assume complete neutrality and equilibrium conditions, and typically give 
results that are open to multiple interpretations. The use of both approaches helps to 
fill in the gaps left by the assumptions of one method or another, making estimates 
more robust. Especially in the case of rare events, which are of enormous importance 
to the prospects of genetic modification of An. gambiae, multiple sorts of evidence 
increase our confidence in the estimates. 
In terms of population structure, the issues most in need of clarification are: 


e Establish metapopulation structure of An. gambiae. In particular, determine if all 
patches are equivalent, if there are sources/sinks and especially what, if any, is the 
extirpation regime. 

e Better estimates of gene flow and population size are needed so N, can be used in 
estimating the importance of rare events. 

e Examine in detail the nature and extent of gene flow between chromosomal forms 
in other parts of Africa. 

e Extend research to other sites around the continent, especially east and central 
Africa. There is no reason to believe that what is true for the species in one area 
will also pertain to another. 

e Identify and then survey in great depth island populations of An. gambiae that are 
serious candidates genetic-control trials. 


One of the most urgent needs, in our opinion, is to establish the metapopulation 
structure of An. gambiae by directly measuring and indirectly inferring parameters 
that are of importance to determining metapopulation characteristics, such as 
synchrony, extirpation regime and patch equivalency. One important area here is to 
examine the extinction regime of the populations in the villages, which may be 
undertaken by both direct and indirect methods. 

Improvement of existing estimates of hybridization, migration and population size 
during the wet season is also necessary for a more comprehensive characterization of 
the system. A promising avenue for improving some of these is revealed by the 
continuing development of coalescence theory, which may be described as an 
examination of genealogical patterns of genes in time. These powerful methods 
should enable researchers to efficiently probe fine-grained details and variation of the 
population. 

This sort of investigation would be most useful if extended to other sites. In 
addition to the power of comparative studies that would be gained, some sense of the 
limits of variability in system dynamics could also be explored. Such an 
understanding will ultimately prove critical in predicting how a given system might 
change when faced with attempts at genetic manipulation or externally varying 
conditions, like changes in climate or increasing human development, for example. 

Once we have a more complete quantification of the factors we already know are 
important to the structure of the species, realistic modelling of the effects of genetic 
modification of An. gambiae will be possible. The more complete our understanding 
- of the system is as a metapopulation the more useful and accurate the modelling 
efforts can be. 
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Abstract 


Insects have exploited and responded to their environment in a plethora of ways. 
Environmental changes are used to trigger short- and long-term physiological events 
and environmental stresses have resulted in evolution of gene families and resistance 
genes. This highly evolved, tight interaction between organism and environment will 
be altered in transgenic mosquitoes, and this paper reviews some potential 
considerations concerning the physiology of transgenic mosquitoes upon release. This 
papers examines a few of the recent discoveries in Plasmodium-mosquito interactions 
and discusses the impact upon them of the transgenic-mosquito approach. A complex 
interplay between vector and parasite occurs during transmission, including the 
exploitation of xanthurenic acid for triggering exflagellation, the induction of a 
mosquito immune response and its evasion by the invading ookinete, and the ability 
of the parasite to establish infections when major genes are knocked out. Such 
functional redundancy in parasite genes is also demonstrable in the immune and 
detoxification systems of insects. Consequently, where genes can substitute for one 
another in a given physiological process, there is potentially significant environmental 
pressure for differential gene expression. In the transgenic context, such 
compensatory regulation could work to down-regulate and/or select against a 
transgene. Conversely, additional environmental triggers could be exploited to select 
positively for a transgenic mosquito. There is potential for heterogeneity at each stage 
of the transgenic release strategy, and addressing this will be important if such 
approaches are not to be scuttled by unforeseen factors that could reduce expression 
of and selection for the beneficial transgenes. 


Keywords: Transgenic mosquito; environmental physiology; gene expression; 
selection; adaptation 


Introduction 


The tremendous adaptability of insects to respond to cues and perturbations in their 
environments is well documented. Over evolutionary time, insects have used day 
length, temperature and aridity to trigger such physiological events as mating, 
emergence, diapause and aestivation (Nation 2001). Similarly, in a more recent 
historical context, insects have counteracted the pressures of insecticide control by 
expression of resistance genes (Ranson et al. 2002) and exploited monocultures of 
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plants and animals by emerging as pests in the agricultural setting (Van Emden 1989). 
This incredible plasticity of insects raises important questions when considering the 
development and release of mosquitoes expressing transgenic gene products which 
block pathogen transmission. Such issues must lead us to consider 1) whether gene 
expression will be as expected in transgenic mosquitoes, ii) what the ecological and 
physiological costs to the mosquito might be of carrying a transgene; and iii) the 
importance and influence on the success of transgenic strategies of the heterogeneity 
and complexity of mosquito populations. 

Over the last two decades, molecular biology has provided a huge impetus into 
research upon insect vectors and the diseases they transmit. Most recently, the 
completion of genome projects has added important tools allowing the study of genes 
in their evolutionary contexts and the detailed examination of their interactions and 
physiological roles (Gardner et al. 2002; Hall et al. 2002; Holt et al. 2002; Hyman et 
al. 2002). However, the recent advances in our understanding of Plasmodium- 
mosquito interactions and the consequent identification of therapeutic targets, some of 
which will be reviewed below, have necessarily been considered in restricted 
laboratory settings, and it behoves entomologists to consider the extent to which 
laboratory models are useful and can be extrapolated into a field context. Similarly, 
the recent successes in developing transgenic mosquitoes (Catteruccia et al. 2000; Ito 
et al. 2002; James 2002; Moreira et al. 2002) may have foreseeable and unforeseeable 
costs to the insect in terms of fitness and effects on expression of non-target genes. 
Using some of these recent advances as the starting point, this paper will examine the 
potential for modifications of gene expression by environmental cues, and explore the 
influence of the heterogeneity of interactions between the environment and the 
genome of the transformed mosquito. 


Laboratory models and common patterns of infection: useful or 
misleading? 


With few exceptions, the major recent advances in mosquito biology have relied 
upon laboratory model systems. While such models have sometimes been considered 
as too far removed from the ‘real world’ to be of direct relevance, genome projects in 
particular have clearly dispelled such a viewpoint, developing as they have the 
biology of vectors and pathogens by sustained and systematic comparative approaches 
(Christophides et al. 2002; Zdobnov et al. 2002). Indeed, patterns of malaria 
infections in mosquitoes are consistent across various Plasmodium-mosquito 
combinations (Billingsley et al. 1994; Medley et al. 1993), and such patterns point to 
the possibility of unifying theoretical approaches to transmission systems. Laboratory 
models also generate data that are often impossible to extract from the field, and with 
the back-up provided by ‘noise-free’ cell and molecular approaches, models can now 
more than ever be considered the springboard into complex and targeted field studies. 

Conversely, rarely is full consideration given to the differences in the biology of 
model organisms compared to their wild counterparts, and this may lead to 
misinterpretation of results or over-reliance on results that are less relevant to disease 
transmission. For example, the first description of a malarial chitinase was in 
ookinetes of Plasmodium gallinaceum (Huber, Cabib and Miller 1991), and its 
expression during ookinete invasion accepted as the model for parasite passage 
through the peritrophic matrix (PM) (Shahabuddin et al. 1993; Shahabuddin and 
Kaslow 1994). Indeed, an antibody to P. gallinaceum chitinase binds to micronemes 
of the ookinete, inhibits chitinase activity, and reduces infection to Aedes aegypti 
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(Vinetz et al. 2000). However, the differences in the structure of the midgut and PM 
between Aedes and Anopheles mosquitoes (Billingsley and Rudin 1992) infer that 
parasites transmitted by these different mosquitoes need different adaptations for 
traversing the PM. This has since proven to be the case; P. berghei chitinase is 
unaffected by allosamidin, and knocking out the chitinase gene does not prevent 
infection to An. stephensi (Dessens et al. 2001). Thus the P. gallinaceum model may 
be less appropriate to the field situation because, although there are clear similarities 
in chitinase genes and their processing — no pro-sequence and no chitin-binding 
domain — in P. gallinaceum and P. falciparum (Tsai et al. 2001), the midgut 
environments in which they are expressed are quite different. 

Furthermore, model systems are inevitably going to under- or differentially 
represent the full gene complement that is available in wild populations. For example, 
our understanding of immune responses in mosquitoes to challenge by 
microorganisms has expanded explosively in recent years (Collins et al. 1997; 
Dimopoulos et al. 2000; 2002; Christophides et al. 2002), but has relied heavily upon 
a strain of mosquitoes selected for the encapsulation phenotype (Collins et al. 1986) 
that is rare in wild anopheline populations (Billingsley and Charlwood, unpub. obs.). 
Any strain of any organism bred in the laboratory will have undergone bottlenecks in 
the selection process that will decrease diversity in its genome. For mosquitoes, the 
potential removal of natural traits important to our understanding of biology and 
transmission can only be guessed at. There is similar, if not more dramatic, reduction 
in complexity in malarial parasites studied in the laboratory. Infections by 
genotypically different parasites are common in many epidemiological settings 
(Anderson et al. 2000; Babiker, Ranford Cartwright and Walliker 1999), but almost 
impossible to study in laboratory models where strain and even clonal infections are 
the norm. It is necessary, therefore, to recognize both the power and limitations of 
laboratory models, and accept that the move from laboratory to field studies will 
throw up a broad spectrum of questions related to issues of heterogeneity that are not 
currently obvious. 


Mosquito-malaria interactions: some recent advances 


The understanding of the mosquito-Plasmodium interactions has advanced 
considerably and the completion of the genome sequencing projects for both 
Anopheles gambiae and Plasmodium falciparum, plus the development of 
infrastructure to support post-genomic studies will ensure that such advances 
continue. An elegant adaptation of parasites to the mosquito is the identification of 
xanthurenic acid (XA) as the major insect factor triggering exflagellation of 
Plasmodium (Billker et al. 1998). High concentrations of XA are present in the 
mosquito, especially associated with gut and brain tissues and, coupled with the drop 
in temperature associated with the transfer of blood from the vertebrate host to the 
mosquito vector, XA activates gametocytes to initiate the exflagellation process. 
However, the threshold concentration of XA required for gametocyte activation 
differs between Plasmodium species (Arai et al. 2001), such that in the same vectors 
activation of the gametocyte but not exflagellation will occur. The equivalent factors 
influencing gametogenesis of the two major human malarial parasites, P. falciparum 
and P. vivax, remain unexplored even for clones and strains of these species, and the 

- potential for variation in XA concentrations between individuals mosquitoes within 
wild populations could be an important component of variation in transmission. 
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The Anopheles gambiae genome project has nurtured the tremendous progress 
characterizing mosquito immune responses to parasite infections and demonstrates the 
power of comparative genomics of model systems (Christophides et al. 2002). In 
Drosophila, immune response pathways have been dissected at the molecular level by 
exploiting genomic databases coupled to the tremendous power of the mutation 
libraries in this species (Irving et al. 2001). While equivalent mosquito mutants are 
not available, comparative EST and genomics approaches have allowed the 
identification and construction of gene families implicated in the encapsulation 
response by haemocytes. A set of 46 genes in the Pen] (Plasmodium encapsulating 1) 
region of the An. gambiae genome has been described (Christophides et al. 2002) and 
other families are being identified based upon gene structure, and by advancing from 
genomics to expression arrays, proteins from different families can be implicated 
directly in parasite recognition (Dimopoulos et al. 1997; 2000; 2002). With these 
necessary markers now in place, the final steps — localization and functional 
expression — in understanding the immune response can be taken. 

The potential importance of the immune response at the midgut cellular level and 
its evasion by the invading ookinete has been demonstrated. Ookinetes migrate across 
the surface of the midgut before selecting (by mechanisms unknown) and invading a 
cell, and trigger in that cell immune peptides, nitric oxide and peptidases associated 
normally with programmed cell death (Zieler and Dvorak 2000; Han et al. 2000). In 
order to evade this cellular response, the parasite migrates rapidly through the 
basolateral plasma membrane, moving away from the site of invasion between the 
basal lamina and plasma membrane of neighbouring cells (Han et al. 2000). In this so- 
called time-bomb theory, the ookinete survives in the hostile environment of the 
mosquito midgut by simply migrating away from the immune response of the invaded 
cell. The apparent lack of pathological effect on the mosquito of high intensity (>100) 
infections at the oocyst stage remains an unresolved issue (Sinden and Billingsley 
2001), but such studies raise intriguing questions concerning both the molecular 
mechanisms of invasion and infection of the midgut, and the overriding parasite 
strategies that allow it to have limited cost to the mosquito in the phase of causing cell 
death at the point of invasion. The low prevalence of high-intensity infections in the 
field (Billingsley et al. 1994) is suggestive of a selection mechanism, but the whole 
interplay between the mosquito immune system and the malarial parasite is at an 
exciting phase with hypothesis-driven research set to exploit the new databases. Not 
least will be defining the role of haemocytes in older mosquitoes, the variability in 
immune-response genes and their controlling mechanisms in wild mosquitoes, the 
cost of cellular damage by the invading ookinete to the mosquito, and the contribution 
of immune responses to heterogeneity in transmission. 

While transgenic-insect production continues apace, recent successes in producing 
anophelines refractory to Plasmodium transmission have identified new interactive 
mechanisms between vector and parasite. Two successful transgenic mosquito lines 
have relied upon a construct using the promoter for the midgut secondary hydrolase, 
carboxypeptidase (Edwards et al. 2000) and the piggyBac transposon (Handler 2002). 
This promoter will target transgene products into the midgut lumen as a soluble 
protein, and transformants have been used to express a 12-mer peptide, SMA1 (Ito et 
al. 2002) or a bee phospholipase (Moreira et al. 2002), both of which substantially 
reduce transmission of Plasmodium berghei through the transgenic An. stephensi. The 
cost in survival terms to the mosquitoes is not well documented, but the leakiness of 
the system, i.e. the ability of a cloned parasite to be transmitted through the transgenic 
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mosquito, raises the spectre of evolution of resistance to the transgene products and 
the eventual abrogation of the transmission-blocking effect. 

A rapid but transient approach to understanding the importance of parasite and 
vector genes in the transmission process is the use of RNAi to knock out specific gene 
function. While a direct antisense approach has been used to silence a complement- 
like gene in a mosquito cell line (Levashina et al. 2001) or genetic approaches used to 
silence the gene coding for the immune peptide, defensin (Blandin et al. 2002), 
arboviruses have been successfully modified for targeting genes expressed in Aedes 
aegypti and Anopheles gambiae (De Lara Capurro et al. 2000; Shiao et al. 2001). The 
viruses can be presented by injection or in an infective feed, and have the advantage 
of systemic delivery of the antisense RNA throughout the mosquito. Sindbis virus 
carrying antisense to the circumsporozoite protein (CSP) of P. gallinaceum reduces 
parasite load in the salivary glands (De Lara Capurro et al. 2000), confirming the 
important role of CSP in parasite infection of the mosquito (Menard et al. 1997). 
RNAi will soon become standard, offering exciting possibilities for routine screening 
of gene function during development and infection, and is a powerful tool in the 
search for drug and vaccine targets. 

Gene-silencing techniques have proven to be as powerful for understanding gene 
function in Plasmodium and has provided novel insights into the interaction of 
parasites with their vectors. Throughout most of its life cycle, Plasmodium is haploid, 
so knockout of a single gene will remove functionality (Pace et al. 2000). Further, the 
gene function can be rescued by insertion of homologous or orthologous sequences 
from the same or different species, thereby allowing careful examination of genes and 
their regulatory sequences and even the testing of human vaccine candidates 
expressing the target genes in model parasites (Waters 2002). The first targets for 
knockout approaches in Plasmodium have been those mooted as potential vaccine 
targets, including transmission blocking antigens. Cytoadhesion TRAP-related protein 
(CTRP) knockouts of P. berghei are unable to infect mosquitoes to the oocyst stage 
due to reduced ookinete motility (Dessens et al. 1999), and, unexpectedly, the CTRP 
knockout strain increases expression of defensin in An. gambiae, suggesting that there 
is a subtle interplay between individual parasite molecules and the mosquito immune 
system. 

In Plasmodium, one major area of interest resulting from the genome project is the 
discovery of gene families. The 48/45 kDa protein of P. falciparum was detected 
originally by antibodies that block fertilization of the parasite within the mosquito 
(Van Dijk et al. 2001). The rational determination of protein and gene sequences from 
classic molecular-biology approaches has allowed the interrogation of genome 
databases, such that a large P 48/45 family has now been described with orthologous 
genes between species and different members of the family expressed at each stage of 
the life cycle (Waters 2002). 


One or more target molecules? 


The identification of gene families and the ability to knockout gene function raise 
important questions concerning the number of target molecules needed for a 
successful transgenic strategy. In Plasmodium, the P25 and P28 proteins have a partial 
redundancy of shared function. Knockouts of these proteins, identified originally by 
- transmission-blocking antibodies, will significantly reduce but not completely block 
transmission and the high homology between sequences suggests similarity in 
function, and that knocking out of one gene is compensated by expression of the other 
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(Tomas et al. 2001). Such functional redundancy means that single targets are 
unlikely to be successful, and that the parasite may already have inherent avoidance 
mechanisms that would be selected for. 

There are examples though where apparently single-target control measures are 
effective over the long term. In more than 10 years of repeated application, 
mosquitoes remain susceptible to control by Bacillus thuringiensis (Charles and 
Nielsen-Leroux 2000), yet resistance to the closely related B. sphaericus has arisen on 
multiple occasions in several insect species (Nielsen-Leroux et al. 2002). However, B. 
thuringiensis produces multiple forms of the toxin (Wirth, Georghiou and Federici 
1997; Wirth et al. 1998) compared to a single form produced by B. sphaericus, 
evidence again that multiple rather than single targets must be factored in at all stages 
of the transgenic strategy despite their greater fitness costs to the mosquito. 


Costs of transgenesis? 


Indeed, we have little idea of the true fitness costs of transgenes to the host insect. 
The transgene constructs will compete for insertion sites in the genome, possibly with 
other, naturally occurring transposons. Incorporation of the effector sequences — 
promoters, markers, control agents, selectors — all add to the burden carried by the 
construct, leading to an inherent competitive disadvantage in terms of integration and 
possibly stability. The transgenic insect itself will then be required to produce one or 
more proteins over and above its normal complement, and these may have up- or 
downstream effects on protein expression in the insect. Further, the current strategies 
hijack a mosquito promoter that in turn has potential additional burden on the 
pathways that control it. To date, of the lines of transgenic An. stephensi that have 
been produced, two survived very poorly compared to parental strains, the SM1 strain 
has reduced fertility, and the PLA2 strain showed negative traits in fecundity, fertility 
and adult survival (Ghosh, Moreira and Jacobs-Lorena 2002). Similarly, all four 
strains of An. stephensi carrying just reporter constructs, i.e. without additional 
transmission-blocking genes, survived a maximum of four generations in competition 
experiments against ‘wild-type’ mosquitoes, but an important part of this poor fitness 
was attributed to loss of diversity during the necessary inbreeding that takes place 
during selection of the transgenic phenotype (Catteruccia, Godfray and Crisanti 
2003). 

While it is intuitively obvious that there will necessarily be costs to the mosquito of 
carrying foreign genes, the same may also be true of recessive genes that are selected 
within laboratory strains. Insecticide-resistant mosquito strains are notoriously 
difficult to maintain, and the rarity of the melanization phenotype in the wild suggests 
that it is naturally selected against. Indeed as some enzymes of the melanization 
cascade are shared between the immune system and other systems, such as cuticle 
formation and ovarian development (Ferdig et al. 2000), compromising the 
melanization pathways could lead to systemic effects in the mosquito rather than the 
targeted modifications that a transgenic approach requires. 

Once the premise is accepted that transgenesis has unavoidable costs, then clearly 
spreading the gene will be at best difficult, at worst impossible in the absence of any 
driving or selection factor. Inundative release may have transient success depending 
very much on a list of unknowns (size of target population, scale of release, fitness, 
assortative mating), but sustainability must be considered an essential part of success. 
It is also possible that the transgene may be silenced in some way. A large proportion 
of insect genomes is of transposable-element origin (Holt et al. 2002), and TE’s 
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occurring naturally in the mosquito genome may well compete at the insertion site 
with the TE carrying the transgene into the mosquito genome. A single point mutation 
(for example in the promoter) might also be sufficient to silence the transgene, and 
evidence from gene families suggests this is not a rare event (Tijet, Helvig and 
Feyereisen 2001; Ranson et al. 2002). Further, given that targeting a single gene will 
lead inevitably to a resistance mechanism, the costs of transgenesis will increase as 
multiple targets are incorporated into the strategy. 


Environment and gene expression: possible effectors 


Like all organisms, mosquitoes respond to many environmental triggers for 
initiating developmental and behavioural processes, and these may work for and 
against the transgenic strategy. Some of these, such as mating, may be gated and 
happen just once in the lifetime of the mosquito. Others, such as responses to host 
odours and subsequent feeding, are cyclical and may initiate a cascade of 
physiological events such as synthesis and secretion of digestive enzymes or 
oogenesis. These processes can be further modulated or modified over the life span of 
the mosquito by such factors as season, short-term weather perturbations or infection 
by pathogens. Over the past few years, and largely driven by the need to characterize 
the background in which the transgenes are operating, understanding of mosquito 
molecular physiology has advanced considerably. However, we have no clear 
indication of how some of these well-characterized systems are modulated in the 
natural environment. This is of fundamental importance to transgenic release as there 
is the potential to up- or down-regulate the transgene due to environmental change. 

The digestive process is one that is particularly susceptible to manipulation. When 
the tomato moth, Lacanobia oleracea is fed the cowpea trypsin inhibitor, trypsin 
expression and activity are inhibited yet the insect compensates for this by up- 
regulation of other serine proteases (Bell et al. 2001; Gatehouse et al. 1999). An. 
gambiae contains a trypsin gene family expressed in the midgut during digestion, and 
along with carboxypeptidase, the promoters of some of these enzymes are obvious 
candidates for transgene expression (Moreira et al. 2000). There remains the 
possibility that the transgenes could be differentially regulated by diet in the 
mosquito, and such manipulations could be either a hindrance to expression or 
exploited to ensure that the appropriate genes are switched on. Similarly, downstream 
gene expression such as vitellogenesis (Kokoza et al. 2001) may also be affected, 
potentially dampening the normal physiological processes leading to full egg 
production. Indeed, the use of vitellogenin promoters for transgenesis (Raikhel et al. 
2002) faces similar problems of fitness and of compromising the reproductive 
potential, but may be less susceptible to unwanted manipulation by external 
environmental factors. 

Understanding the environmental triggers for gene expression could also be a 
means of promoting spread of transgenics. If transgenes are considered akin to (but 
something more than) a deleterious mutation, then they will have small, negative 
impacts on populations that will be amplified over generations and be most obvious in 
small, isolated populations (Fry and Heinsohn 2002; Caballero et al. 2002). Any over- 
expression of the transgene would be expected to have negative effects on the fitness 
of an insect, but this can be reversed if there is environmental selection in its favour. 
- Such is the case with Drosophila containing a high copy number of Hsp 70, which, 
when reared at high temperatures, outgrow the wild type (Roberts and Feder 2000; 
Minois, Khazaeli and Curtsinger 2001). The tools are now in place for some exciting 
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studies describing how mosquito genomes respond to environmental triggers and 
particularly how susceptible transgenic expression will be to environmental effects. 


Complexity and heterogeneity: is the devil in the detail? 


The plasticity of the insect genome is an important consideration in the expression- 
environment interaction, and in particular the evolution of gene families offers 
another element of heterogeneity that must be understood in an environmental 
context. Gene families can be considered as evolutionary indicators of environmental 
stress. Detoxification pathways in cockroaches for example are supported by more 
than 100 related (though not all necessarily functional) gene sequences, showing that 
the insect has tremendous ability to fine-tune its responses according to the stress 
received (Tijet, Helvig and Feyereisen 2001). The selection pressures here appear to 
be on a group of genes rather than on individual sequences, posing further concerns 
for transgenic release — how will the transgene be compensated for at the genome 
level, how will it be selected for at the population level, and can it be silenced in 
favour of another gene exploiting a promoter from the same gene family? 

Similar questions can be asked of any gene, but are especially pertinent to the 
mosquito immune system. Traditionally, mosquito immune responses are considered 
to be directed primarily at pathogens that have potential to kill it, namely bacteria and 
fungi. The immune response may play a greater role in mosquito larvae where the 
aquatic environment is potentially more hazardous. The physiological cost of the 
immune response (Boéte, Paul and Koella 2002) and the observation that significant 
numbers of mosquitoes become infected even when the immune response is intact, 
suggests that its over-activation may be a burden at inappropriate stages of life cycle. 
More recently, over 200 immune genes have been described resulting from the An. 
gambiae genome project (Christophides et al. 2002) that fall into distinct multigene 
families and some of which are triggered specifically by Plasmodium infection. Thus 
the immune-response gene families exhibit the high degree of plasticity that makes 
them both ideal candidates for clearing malaria infections from the mosquito yet high- 
risk targets for transgenic strategies, as compensatory mechanisms down-regulating 
the transgene could readily evolve under stress. 

There are of course more obvious areas of heterogeneity that can contribute further 
to environmental modulation of transgene expression. Mosquito-larval nutrition 
impacts upon size and fitness of the adult (Koella and Lyimo 1996; Koella and 
Offenberg 1999). Not only will this alter a mosquito’s ability to transmit malaria but 
will also affect its genetic contribution to the next generation. Furthermore, the 
nutritional status of a larval mosquito also affects the ‘first feed’ characteristics of the 
adult. Pre-gravid female An. gambiae will often take only a partial blood meal prior or 
just subsequent to mating, and this blood meal will not result in egg development 
(Gillies and Wilkes 1965). The partial blood meal will, however, trigger many if not 
all of the digestive enzymes normally associated with feeding, including those costly 
transgenes expressed behind a midgut enzyme promoter such as carboxypeptidase. 
Consequently, even small changes in larval growth conditions can potentially affect 
early adult gene expression, and this is particularly relevant when gut-enzyme 
promoters are being exploited for transgenic expression. At the moment, we have no 
indication how much this detail is important. The genome project is producing the 
necessary unifying models that will underpin transgenic and other control strategies. 
The ecological physiologist must then test the models to ensure that control strategies 
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are not hijacked by the mosquito’s proven ability to by-pass expression of one or 
more genes in response to internal or environmental stressors. 


Conclusions 


There is growing evidence of the great complexity in the interactions between 
malaria parasites and the mosquito vectors. The presence of multigene families and of 
multiple pathways associated with a single response (e.g. the immune response, 
digestion) is clear indication that both Plasmodium and Anopheles have evolved 
complex compensatory mechanisms to overcome internal and external stressors. For 
evidence of such responsive plasticity one need only consider the selection of drug- 
resistant parasites and insecticide-resistant mosquitoes. Into such complex genomic 
backgrounds, the insertion of transgenes blocking pathogen transmission by 
mosquitoes raises many questions. While transgenic mosquitoes can now be 
constructed, the cost to the mosquito of single or multiple transgenic approaches 
remains unknown. Before transgenic strategies progress to far in the laboratory, issues 
surrounding the environmental influences on gene expression (at gross and fine 
levels) and heterogeneity and complexity need to be addressed, as these have the 
potential to hijack the transgenic approach at a late stage, after many years of 
scientific effort and investment. 
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Evolution of parasite virulence to vectors 


S.L. Elliot *, Maurice W. Sabelis ' and Frederick R. Adler? 


Abstract 


Vectorborne parasites are commonly predicted to be less virulent to the vector than 
to the definitive host as the parasite gains little by harming its main route of 
transmission. Here we assess the empirical evidence from systems where insects 
vector vertebrate parasites. The body of evidence supports lower (but non-zero) 
parasite virulence to vectors than to plant or invertebrate hosts but not to vertebrate 
hosts. We consider why this might be by assessing evolutionarily stable strategies for 
an insect parasite that can infect both vector and definitive host and can have distinct 
virulences in these two potential hosts. In a homogeneous environment the parasite is 
predicted to be equally virulent to vector and host. However, in a patchy environment 
it is predicted to become benign towards the more mobile of the two potential hosts, 
provided competitive displacement among strains in a patch is weak. This prediction 
may not meet reality for two different reasons. First, relative mobility of vector to host 
depends on the spatial scale under consideration: malaria mosquitoes are the more 
mobile hosts from house to house within a human settlement, but human hosts may be 
more mobile from one settlement to the other. Second, as in malaria, the main host 
and therefore probably also the vector may be multiply infected and this is likely to 
increase virulence and to level off differences between vector and definitive host. 


Keywords: Evolution of virulence; vectorborne disease; dispersal; superinfection; 
free parasite 


Introduction 


Vectorborne parasites and pathogens are among the most damaging of disease- 
causing organisms, be they of medical, veterinary or agricultural importance (Ewald 
1994; Power 1992; Dieckmann et al. 2002). Management of these diseases has 
traditionally been from a population dynamical stance, principally directed at 
controlling populations of the vectors or enhancing the resistance of the hosts. The 
likely impact of such interventions upon the evolution of parasite virulence has 
recently received theoretical attention (Gandon et al. 2001), and is part of a growing 
field which seeks to manage the virulence of disease-causing organisms (Dieckmann 
et al. 2002). Despite this interest, the only general predictions which have been made 
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for vectorborne diseases are (1) that they will be more virulent than non-vectorborne 
parasites, and (2) that parasites will have a lower virulence to their vectors than to 
their main hosts (Ewald 1994). Whatever the validity of these generalizations, they 
rest upon some critical assumptions, have yet to be updated in the light of a body of 
theoretical work on the evolution of virulence over the last decade or so (but see also 
Day 2001; 2002), and have not been considered in terms of biological differences 
between systems which may affect predictions. Our aim is to question some of these 
assumptions and provide a framework within which modern theory can be applied so 
as to generate testable hypotheses. 

Critical to our approach is the recognition that many parasites reproduce in the 
vector as well as in the main host and that this may harm not only the main host but 
also the vector. There will thus be selection upon the parasite’s virulence toward the 
vector just as there is toward the host. Indeed, definitions of the ‘vector’ and its 
converse, the ‘main’ or ‘definitive’ host, serve to ascribe functions to what are, in 
effect, two potential hosts on different trophic levels (i.e. where one feeds upon the 
other, perhaps as a ‘micropredator’). A parasite can therefore have two distinct 
virulences to these two hosts and our contention is that these virulences are so 
intimately related that consideration of one requires consideration of both. These two 
virulences will be subject to natural selection due to a range of factors, for example 
spatial heterogeneity of hosts, their mobility and life histories, or competition between 
parasite strains. A further justification for our approach is that survival of the vector 
and its ability to transmit the parasite are key factors in the dynamics of vectorborne 
diseases, both liable to be influenced heavily by harmful effects of the parasite. 

We consider vectorborne diseases of vertebrates and, in particular, humans. 

Common to all is that it is an arthropod which serves as the vector. 
We begin with a general ESS model of parasite-vector-host systems. In this model we 
investigate the roles of spatial heterogeneity, host mobility and superinfection (the 
ability of strains to replace one another in a patch) in virulence to vector and main 
host. We then consider how the different biological features of these systems will 
influence selection on virulence, in the light of the model and current theory. We 
identify what patterns are already apparent from the literature and to highlight 
hypotheses which seem to merit particular attention. Our intention is to emphasize 
particular questions which need addressing empirically and theoretically. 


Patchiness, mobility and virulence 


In his book Evolution of Infectious Diseases, Ewald (1994, p. 47) gave an 
explanation for the apparently lower virulence of parasites in vectors than in main 
hosts: “...vectorborne parasites should specialize on their vertebrate hosts as resource 
bases for amplifying their numbers and on their vector hosts as agents of dispersal”. 
This makes good intuitive sense. However, to subvert it somewhat, the parasite is just 
as reliant upon the main host for transmission to new vectors as the reverse. So, which 
potential host is more important to the parasite? At the heart of this and other 
predictions is that the vector represents mobility to the parasite. This therefore serves 
as the first biological feature to consider — how does the mobility of either host affect 
the ESS virulences of the parasite? This requires a consideration of the patchiness of 
the hosts so we include this in our ESS analysis. We assume no cost to dispersal 
between patches, exclusive transmission via vectors, and a special form of multiple 
infection, termed superinfection (Dieckmann et al. 2002). We do allow dispersal by 
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movement of infected hosts. The model presented in Appendix | is based on a paper 
by Elliot, Adler and Sabelis (submitted). 

What we find is that in an unstructured population of potential hosts, the ESS 
virulence to predator and prey is equal (see Appendix 1). Referring to the quotation 
above, we can in this case state that the parasite relies as much on the host for 
transmission to the vector as the converse. Once we introduce spatial heterogeneity in 
the form of multiple patches, each containing predator and prey, we find that ES 
virulence is lowest in the vector. This is to be expected as the vector must live long 
enough to leave the patch and reach a new one. However, this intuitively reasonable 
result is sensitive to the intensity of within-host parasite competition (see Figure 1). If 
we increase the rate at which co-occurring parasite strains can outcompete one 
another, virulences also converge, but to a limited degree when only vectors disperse 
pathogen between patches. This is because the parasite must exploit the patch before 
losing it to the competitor. So only in a patchy environment, with little competition 
between parasite genotypes and a dependence on live hosts for transmission between 
patches, can we expect a lower virulence to the more mobile host. Why, then, are 
vectors generally considered to be little affected by the parasites they bear? Are the 
conditions set out in this ESS analysis common features of parasite-vector-host 
systems, or must we look for other differences between the potential hosts to explain 
differences in virulence? Is there actually any empirical evidence of lower parasite 
virulence in vectors, or is there a bias in the diseases that are studied or in how they 
are studied? To address these questions, we now consider vectorborne disease of 
vertebrate hosts. 


relative virulence to predator vs. prey 
—_ 


0 2 4 6 8 10 
slope of superinfection function 
Figure 1. Model predictions of relative ESS virulence of a parasite to mosquitoes versus hosts 


in relation to the slope of the superinfection function. Bold lines, hosts only move between 
patches; dashed lines, mosquitoes only move between patches. 
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Vectorborne diseases of vertebrates 


It is for vertebrate diseases that parasite effects on vectors have been most studied. 
As with many plant parasites, we would expect an effect on the vector as the parasite 
must pass through host tissues and use host resources for multiplication (Randolph 
1998; Welburn and Maudlin 1999; Ghosh, Edwards and Jacobs-Lorena 2000; Kollien 
and Schaub 2000), both of which are liable to cause some harm to the vector (Mims, 
Day and Marshall 1966; Lam and Marshall 1968; Maier, Becker-Feldman and Seitz 
1987; Beier 1998; Zieler and Dvorak 2000; Ferguson and Read 2002). Such effects 
could partly explain the development of resistance (“refractoriness” or 
“incompetence”) in vectors (Welburn and Maudlin 1999; Yan, Severson and 
Christensen 1997). Arboviruses can negatively affect the development time, 
survivorship or lifespan of their mosquito vectors (Turell, Gargan and Bailey 1985; 
Faran et al. 1987). While the evidence from malarial parasites in mosquitoes has been 
ambiguous (Chege and Beier 1990) and the experiments conducted have been 
criticized for use of unrealistically high infection rates and a lack of field 
corroboration (Chege and Beier 1990; Taylor and Read 1997), the overall pattern is of 
malarial parasites reducing mosquito survival (Ferguson and Read 2002). Even 
though a bias towards diseases of particular virulence to vertebrates may be expected, 
case-fatality rates in vertebrates can be as low as 1% (e.g. Snow et al. (1999)). No 
concerted effort has been made to compare virulences in a vector and a vertebrate host 
and experiments are clearly complicated by practical and ethical issues. However, 
some degree of virulence has been shown in vectors, sometimes in subtle forms such 
as reductions in fecundity, as with mosquitoes and blackfly (Turell, Gargan and 
Bailey 1985; Hurd, Hogg and Renshaw 1995). These effects can be seen as an 
adaptation of the parasite as fecundity effects would not hamper parasite transmission 
(unlike plant parasites whose vectors multiply on the plant host before dispersing and 
vectoring parasites). We must therefore question whether predictions of lower 
virulence to vectors of vertebrate diseases have any empirical basis, and explore why 
this may not be the case. 


Recipes for challenging predictions 


We have sought conditions in which predictions of lower virulence toward vectors 
than “main” hosts will hold, but the ESS model predicts it to be highly subject to 
specific conditions of spatial heterogeneity, differential mobility of the two hosts and 
weak competition between parasite genotypes. For vectored diseases of vertebrates 
there is a critical issue related to the spatial scale of mobility: what are patches and 
how mobile are the hosts between them? If patches are human habitations then we 
may expect greater vector mobility between these than human mobility. However, if 
patches are human villages or towns, then human mobility between these will almost 
certainly be greater than vector mobility. We may therefore expect selection on 
virulence to act in opposing directions at the two spatial scales. 

Another critical issue is the intensity of within-host competition. For example, 
there is strong evidence for multiplicity of Plasmodium genotypes and species in 
individual human hosts in holoendemic areas (e.g. Smith et al. 1999; Bruce et al. 
2000). This may well explain why malaria parasites are not mild to their definitive 
host. But what do we know of parasite competition in the mosquito vector? One may 
argue for a lower probability of multiple infection in the vector than in the main host. 
An individual mosquito takes a limited number of blood meals per day and each blood 
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meal represents an extremely small fraction of the total blood mass of the victim. 
Thus, the diversity of malaria parasites entering the gut of the mosquito are likely to 
be much smaller than present in the blood of a human host. However, lower parasite 
diversity does not necessarily mean less competition among parasites. In one or 
another generation of vectors, a given parasite genotype will face within-vector 
competition with its superior competitor genotype. The critical issue is whether there 
is a sufficiently high probability for vectors to be infected by a single Plasmodium 
genotype. This is because being mild to the vector pays off especially when the 
parasite can monopolize exploitation of the host. Single infections are unlikely to be 
the rule, however, in Plasmodium parasites. This is because Plasmodia reproduce 
sexually and the fusion of gametocytes takes place exclusively in the vector! Clearly, 
for sexual reproduction (i.e. recombination) to generate new genotypes, multiple 
infection of the mosquito vectors is a prerequisite. Indeed, high rates of recombination 
have been recorded for Plasmodium populations in the field (Conway et al. 1999) and 
this suggests that multiple infection of vectors occurs. 

Testing theoretical predictions may yield new insights and avenues in disease 
management. As a first example, consider the reduction of vector mobility by the 
application of bed nets that protect humans against mosquito bites and thereby malaria 
transmission. This method may have several — sometimes opposite — effects on the 
vector: (1) it may decrease multiple infection in the vector and thereby cause the 
parasite to be milder for the vector, and (2) it may alter relative mobility of 
mosquitoes vs. human hosts such that parasites become less harmful to humans than 
to mosquitoes. Whether bed nets can lower parasite diversity in the definitive host 
remains an open question. There is some empirical evidence showing that bed nets do 
not affect parasite diversity in the definitive host (Fraser Hurt et al. 1999). A second 
example of insights gained in disease management comes from the introduction of 
refractory vectors, i.e. transgenic mosquitoes that cannot transmit malaria parasites 
(e.g. Scott et al. 2002). Despite the negative effects of malaria parasites on vector 
fecundity, refractoriness probably did not evolve spontaneously, because of the costs 
involved in mounting immune responses (Schwartz and Koella 2001). Introduction of 
transgenic mosquitoes may therefore be successful provided refractoriness comes at a 
low cost. One may ask, however, how the introduction of transgenic mosquitoes 
would influence parasite virulence to the wild-type mosquitoes. If the mosquito 
population is regulated by density-dependent processes, introduction of transgenic 
mosquitoes will not increase their total population size and a mosquito bite is then on 
average less likely to transmit parasites. This could potentially lower the degree of 
multiple infection in the human host and the mosquito vector and thereby lower 
virulence of the parasite to either of the two hosts. Thus, compared to the wild-types, 
the transgenic mosquitoes have less to gain from being parasite-free, and according to 
a model by Boete and Koella (Boéte and Koella 2002) this will hamper replacement 
of wild mosquito populations by transgenic mosquitoes. 

These two examples demonstrate the importance of evolutionary responses to control 
measures and it would be wise to take these potential responses into account when 
designing scenarios to combat disease. 
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Appendix 1. A general ESS analysis for vectorborne diseases 


A vectorborne parasite exploits two potential hosts on adjacent trophic levels, 1.¢. 
where one feeds on the other. Here, we consider a mosquito-host system where a 
parasite can exploit either of these two hosts for reproduction and for dispersal. This 
model serves as a basis to explore how patch structure and mobility can affect the 
parasite’s virulence in the two hosts. 


Single patch model 
Suppose hosts fall into two categories, susceptible individuals (S) and infected 
individuals (/), as do mosquitoes (U and V respectively) (Fig. 1). Parasites can be 
transmitted through mosquito bites. This yields the following set of equations: 


< =(1—a)nq(y)SV = kl — fl - anUl 


= = o(f)nUI—k,V —W 


The key elements are the virulence to the two hosts to parasites (f and yrespectively) 
and how they translate into the two modes of transmission: (1) 7(f) is infectiousness 
of infected hosts to moquitoes, (2) g(y) is infectiousness of infected mosquitoes to 
hosts. In addition, parasite virulence can represent a dead-end in terms of transmission 
(for example in cerebral malaria where vital host tissue is exploited but no parasite 
transmission occurs). This is represented by a, the transmission-unrelated death rate, 
which is taken into account for prey but not for predator. 

We assume that factors other than the parasite are regulating the population of 
uninfected predators (U). Thus, U is treated as a parameter, creating a one-resource 
model in which we examine the consequences of parasite virulences on uninfected 
prey (S). Optimal virulence of the parasite is found by invasion analysis (assuming 
that the predator and prey populations are at equilibrium). The un-invadible strain is 
the strain that minimizes S*, the equilibrium susceptible population of hosts: 


* k+B+anU 
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The equilibrium susceptible population depends on the “in-host” virulence only 
through the term: 
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The equilibrium susceptible population depends on the “in-mosquito” virulence y only 
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which has its maximum at 
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As we wish to focus on differences in virulence of the parasite to the host and the 
mosquito, as created by their different ecological roles, we assume their background 
mortalities to be equal (k, = k). Under these conditions, the equation for the ESS 
virulence on mosquitoes matches that for hosts, so virulence is predicted to be equal 
in both. 
Multi-patch model 

Supposing interpatch transmission can also occur, we ask how it affects virulence to 
vector and host. All patches are occupied by both host and vector (but not the 
parasite) at all times, the infection rapidly reaches equilibrium after it has been 
introduced into a patch, and all patches have an equal probability of becoming extinct. 
To define the equilibrium, we must assume that the dynamics for the susceptible host 
follow logistic growth in the absence of vectorborne parasites, are subject to death 
from abiotic causes (k) and obey law of mass action in the vectorborne infection term 
that shifts susceptibles into the class of infecteds: 


dS S 
— =bS(1-—)-kS- SV 
ai ( me) nq(y) 


The equilibria of the multiple patch model match those in the single patch model with 
the additional equation 


Patches are either occupied by parasites or not. Let p denote the fraction of infected 
patches, C the colonization rate of infected patches and E the patch extinction rate, 
then, a classic metapopulation model results: 


dp 
—-=Cp(l-p)-E 
= Pl — p)— Ep 


Let m; and my denote the per capita rate at which infected hosts and infected 
mosquitoes, respectively move parasites between patches. 

Depending on whether parasites move between patches via vectors or via main hosts, 
the parasite colonization rate C is then 


C=m,I* 
or: 
C=m,V* 


To be consistent with the assumption of rapid approach to equilibrium, we assume 
that a patch harbours only a single parasite at a time and the superior competitor 
immediately replaces any inferior competitor (i.e. the superinfection assumption; see 
Mosquera and Adler 1998). The superinfection function A(S~*,S*) describes the rate 
‘at which a strain with equilibrium S~* takes over a patch occupied by a strain with 
equilibrium S* relative to the rate at which it takes over empty patches: 


eee, 
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Larger values of the parameter n produce steeper slopes of the superinfection function 
at S~*=S* (Mosquera and Adler 1998). 


The fraction p~ of patches occupied by an invading strain is 


“ = (-E+C(- p) + CAS", S’)p- CA(S, S')p)p. 


The goal is to find an uninvadible (or ESS) strain. 
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On the evolutionary ecology of mosquito immunity and the 
use of transgenic mosquitoes for malaria control 


Jacob C. Koella* 


Abstract 


Mosquitoes that are genetically manipulated to encapsulate the malaria parasite 
Plasmodium falciparum are being considered a possible method to control malaria. 
Hopes for this have been raised by the identification of genes involved in the 
mosquito’s encapsulation response and by advances in the tools required to transform 
mosquitoes. But will such genes be able to spread in natural populations? What will 
their impact be on the epidemiology of the disease? This article attempts to give 
answers to these questions by reviewing some of theoretical and empirical 
considerations underlying the evolutionary epidemiology of genetic manipulation and 
refractoriness. 


Keywords: malaria control; genetic manipulation; mosquito immunity; refractoriness; 
evolutionary epidemiology 


Introduction 


Genetic manipulation is attracting considerable attention as a potential tool for 
malaria control (Aultman, Beaty and Walker 2001). The underlying idea is (i) to 
identify genes that render mosquitoes refractory against malaria, (ii) to transform 
mosquitoes with these genes, (111) to release the mosquitoes into natural populations so 
that the genes can spread, and thus (iv) to block malaria transmission. 

The first two of these steps appear to be in reach due to recent advances in 
molecular biology. Thus, the molecular knowledge concerning the mosquito’s 
immune response against malaria parasites is increasing rapidly with studies 
concerning antimicrobial peptides, signalling pathways and _pattern-recognition 
peptides (Barillas-Mury, Wizel and Han 2000; Dimopoulos et al. 2001). In parallel 
with these studies are genetic approaches that are beginning to localize and identify 
the genes involved in the immune response (Dimopoulos et al. 2000; Oduol et al. 
2000). Several genes, for example, that determine the difference between a 
susceptible line and one selected to be refractory against the malaria parasite 
Plasmodium cynomolgi have been localized in the mosquito’s genome (Gorman et al. 
1997; Zheng et al. 1997). 

Once relevant genes have been identified, they could be inserted into the 
mosquito’s genome with modern transformation techniques. To date, the most 
promising approach is to transform mosquitoes with genes linked to transposons, 
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several of which are currently available for Anopheles mosquitoes (Catteruccia et al. 
2000). Indeed, one transposon (piggyBac) was used recently to transform Anopheles 
stephensi with a protein sequence making the mosquitoes partially refractory against 
infection by malaria (Ito et al. 2002). 

It is, therefore, time to start thinking about the other steps on the way to malaria 
control, and indeed these thoughts are critically required before transgenic mosquitoes 
can be released. Under what conditions are resistance genes expected to spread? Will 
they be able to reduce transmission sufficiently to ameliorate the malaria problem? 
Here I argue that we can gain important insights into these questions by studying the 
evolutionary ecology of mosquito immunity and thus gain a deeper understanding of 
the ecological and epidemiological processes underlying the co-evolution of 
mosquito-malaria interactions in natural settings. 

In dealing with natural systems, we must of course discuss issues related to the 
natural immune system of mosquitoes. Refractory mosquitoes, however, may also be 
created by transformation with genes or proteins that are not found in mosquitoes. 
Indeed, in the study mentioned above, where mosquitoes were transformed to be 
partially resistant against infection, the most efficient of many random protein 
sequences was used (Ito et al. 2002). Although such an approach is not explicitly 
considered here, there is no reason to expect that other processes will determine 
ultimate success of a control programme or that using novel proteins for genetic 
manipulation will invalidate our discussion. 


The cost of refractoriness and the spread of refractory genes 


One of the most striking aspects about the mosquito’s immune response against 
malaria infection is the lack of an effective encapsulation response in natural 
populations. In one study in Tanzania, for example, less than 0.5% of the infected 
mosquitoes had encapsulated their parasites (Schwartz and Koella 2002). Although 
other aspects of the immune response may control malaria infection, the lack of 
encapsulation is surprising, as there seems to be ample selection pressure for 
increased refractoriness: malaria infection can diminish the reproductive success of 
mosquitoes by decreasing the mosquito’s fecundity (Hogg and Hurd 1995a; 1995b; 
1997and Figure 1a) and by increasing its mortality (Anderson, Knols and Koella 2000 
and Figure 1b). Although the increased mortality of infected mosquitoes is still 
controversial (Ferguson and Read 2002) one should thus expect mosquitoes to have 
evolved mechanisms to kill the infecting parasites. 

One reason for the lack of refractoriness would be that an evolutionary cost of the 
immune response outweighs its benefits, so that genes enabling an effective immune 
response would not be able to spread in a natural population. Immune responses are 
generally found to be costly, be it in vertebrates or in invertebrates. Thus, the 
encapsulation response reduces competitive ability in Drosophila (Kraaijeveld and 
Godfray 1997), an antibacterial response reduces survival in bumblebees (Moret and 
Schmid Hempel 2000), and an increased reproductive effort in damselflies (Siva- 
Jothy, Tsubaki and Hooper 1998) or in Drosophila (McKean and Nunney 2001) is 
associated with reduced immuno-competence and a reduction of the ability to clear a 
bacterial infection, respectively. Mosquitoes are no exception, and two types of costs 
of the immune response have been observed. First, mounting an effective immune 
response requires the maintenance of specific cellular and biochemical machinery, 
which may be expected to require resources that would otherwise be used for other 
functions such as growth or reproduction. A maintenance cost would be expressed as 
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Figure 1. Costs and benefits of refractoriness. Benefits (a and b) are inferred from the 
detrimental effect of infection by malaria on the mosquito, which would be avoided or at least 
reduced if the mosquito were refractory. Two types of cost are considered: maintenance costs 
(c) that are associated with maintaining the machinery that enable an immune response, and 
activation costs (d) that are associated with activating and mounting the immune response. (a) 
Effect (in the laboratory) of low (mean 4.4 + 0.4 oocysts per midgut) and high (> 75 oocysts 
per midgut) oocyst burdens of the parasite P. yoelii nigeriensis on the fecundity of An. 
stephensi. A different control was used for comparison of the mosquitoes differing in oocyst 
burdens. The bars show the mean number of eggs per mosquito and the vertical lines show the 
standard errors of the mean (modified from Hogg and Hurd 1995b). (b) Effect (in the field) of 
P. falciparum on the risk of feeding-associated mortality of An. gambiae. A sample of 
mosquitoes was caught early in the evening (before they started to bite), and a second sample 
of the same population was caught in the following morning (after they had completed their 
biting activity). The bars show the prevalence of sporozoites and the vertical lines show the 
standard errors of the percentage. A decrease in prevalence suggests that a higher proportion 
of sporozoite-infected than of uninfected mosquitoes died during the observation period of 
one night, i.e. that sporozoites increased mortality rate (modified from Anderson, Knols and 
Koella 2000). (c) Maintenance cost: effect of selecting Aedes aegypti during 10 generations 
for early or late pupation on the mosquito’s ability to melanize an inoculated Sephadex bead. 
‘The percentage of mosquitoes that were able to melanize a bead completely, that had an 
intermediate (i.e. patchy) response, and that were not able to mount a response are shown for 
each of the six selection lines (from Koella and Boéte 2002). (d) Activation cost: effect of 
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inoculating female Anopheles gambiae with LPS (to stimulate the antibacterial immune 
response) or saline on egg production (from Ahmed et al. 2002). 


a genetic correlation between the effectiveness of the immune response and other 
traits that determine fitness. This has been observed in the yellow-fever mosquito 
Aedes aegypti, where selection for early or late pupation brought with it a correlated 
response in the effectiveness of encapsulating negatively charged CM-25 Sephadex 
beads: the lines with the earliest pupation had the weakest encapsulation response 
(Koella and Boéte 2002 and Figure Ic). Second, mosquitoes may be expected to pay 
for activating the immune response. Such an activation cost has been observed for the 
antibacterial immune response (stimulating the immune response with LPS leads to 
decreased fecundity (Ahmed et al. 2002and Figure 1d) and for the encapsulation 
response (stimulating the immune response with negatively charged Sephadex beads 
leads to decreased fecundity of An. Gambiae (Schwartz and Koella 2002)). 

It is the balance between such costs and benefits of being refractory that determine 
the spread of refractoriness in natural populations. Predicting the spread requires 
theoretical modelling of the relevant processes. A recent model, which combines basic 
population genetics of mosquitoes with the epidemiology of malaria, makes two 
predictions (see Figure 2a). First, if the cost of refractoriness is sufficiently low, 
refractoriness increases with the intensity of transmission but never sufficiently to 
eliminate malaria from the population. Second, if the cost exceeds a threshold, 
refractoriness cannot spread (Boéte and Koella 2002). 

What does this tell us about the potential for driving genes into natural 
populations? We can modify the model to account for genetic manipulation, assuming 
that refractoriness genes are linked to a transposon. The effect of a transposon that is 
most important in terms of genetic manipulation is that it causes a segregation bias; it 
drives itself and the genes linked to it to offspring with a probability higher than the 
50% of Mendelian segregation. Earlier population-genetic models showed that a 
transposon (together with the genes linked to it) will spread to fixation if the 
transposon creates sufficient segregation bias (Kiszewski and Spielman 1998; Ribeiro 
and Kidwell 1994). Our more detailed model (see Appendix), which combines 
population-genetic with epidemiological processes, gives the same conclusion: 
refractoriness can be fixed even if the cost of refractoriness is considerable (Boéte and 
Koella 2002 and Figure 2b). One should note, however, that this conclusion might be 
overly optimistic, as the model assumes that refractoriness remains linked to the 
transposon. Any cost of refractoriness, however, would lead to selection pressure for 
the transposon to be dissociated from refractoriness (leading to the loss of the isolated 
gene ) or that mutations (for example the introduction of a stop-codon) would render 
the refractory gene useless. 

Such precautions aside, it seems that there is room for optimism: once 
refractoriness genes are known, it is likely that they can be driven to fixation given 
sufficiently efficient transposons. Unfortunately, the currently used transposons of 
Aedes and Anopheles appear to show Mendelian inheritance (Catteruccia et al. 2000), 
so that the search for more efficient transposons is necessary (see also O’Brochta 
elsewhere in this volume). 
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Figure 2. Theoretical predictions concerning the spread of refractoriness, as functions of the 
evolutionary cost of refractoriness and the intensity of transmission in a population (before a 
gene coding for refractoriness has spread). (a) Spread of refractoriness in the absence of a 
transposon as a genetic drive mechanism. (b) Efficacy of the genetic drive mechanism (i.e. the 
segregation bias) that is required for the linkage group (refractoriness-transposon) to spread to 
fixation. For details of the model and of the parameters used, see Boéte and Koella (2002). 
Note that for clarity, the two panels differ in the scales and the directions of the axes. 


Lack of refractoriness despite effective immune system? 


But perhaps the lack of refractoriness in natural populations is not due to the lack 
of an effective immune response. As mentioned above, in one study in Tanzania, less 
than 0.5 % of infected, field-collected An. gambiae encapsulated their parasites. In the 
same cohort of mosquitoes, in contrast, about 90% of the individuals encapsulated 
negatively charged Sephadex beads (Schwartz and Koella 2002). This suggests that it 
is not the cost of refractoriness that limits the spread of refractory genes. In other 
words, it is not a lack of effective immune function per se, but some other mechanism 
that limits the expression of refractoriness. Three possibilities for such mechanisms 
are discussed here. 


Lack of recognition 

The mosquito’s immune system might not recognize the parasite as foreign, so that 
no immune response is activated. Indeed, the fact that parasites incorporate a 
substance secreted by mosquitoes (laminin) into the cell wall of their oocysts may 
enable them to hide from the mosquito’s immune system (Adini and Warburg 1999). 
Thus, the requirement for creating refractory mosquitoes would be to find genes that 
enhance the mosquito’s ability (or sensitivity) to recognize malaria parasites, rather 
than genes that enhance the efficacy of the immune response per se. This requirement, 
however, may be made more difficult by the possibility that the recognition of the 
parasite may require a precise matching of the parasite’s and the mosquito’s genotype. 
An indication of such genotype-by-genotype interactions comes from a selection 
experiment, where mosquitoes selected to encapsulate the parasite P. cynomolgi 
became completely refractory against isolates of P. falciparum from the New World, 
but were less likely to encapsulate isolates from the Old World (Collins et al. 1986 
and Figure 3a). Indeed, genotype-by-genotype interactions are quite common in 
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parasite-host interactions (Barrett 1985) and underlie, for example, the interactions 
between the encapsulation response of Drosophila against parasitoids (Kraaijeveld 
and Godfray 2001). 

If immunity were genotype-specific, genetic manipulation would have to transform 
mosquitoes with several allelic variants of a recognition gene, thus enabling the 
mosquito to recognize all genotypes of the parasite. While this might be possible if 
there is sufficient cross-recognition among genotypes, mutation and genetic 
recombination among different variants can be expected to create new and 
unrecognized variants in a relatively short time. Indeed, one of the evolutionary 
raisons d’étre of sex is generally believed to be the creation of rare genotypes that will 
succeed in the co-evolutionary race between hosts and parasites (Hamilton, Axelrod 
and Tanese 1990). In other words, we would have to evolve our technology along 
with the parasites to transform the mosquitoes continually with the novel immune- 
recognition proteins that natural selection cannot provide. 


Selected strain [Egg EET EEO 
New World (ieee ee 


Old World 
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Percentage of mosquitoes 


(O No encapsulation [] < 100% of ookinetes encapsulated [gj 100% encapsulation 
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EJ no melanization 


E) patchy Hi complete 


Figure 3. Potential reasons, induced by the parasite’s evolutionary response to refractoriness, 
for reduced efficacy of a mosquito’s immune response and refractoriness against malaria 
parasites. (a) Genotype-by-genotype interactions. After selection for refractoriness against an 
isolate of the malaria parasite P. cynomolgi (top bar), the ‘refractory’ mosquitoes were tested 
against several isolates of P. falciparum from the New World and the Old World with varying 
success. The bars show the mean percentage of the oocysts encapsulated by each mosquito. 
Modified from Collins et al. (1986). (b-d) Immuno-suppression by the parasite. Each panel 
shows the proportion of Ae. aegypti infected with P. gallinaceum and uninfected controls that 
melanize a bead to different degrees (no, patchy and complete melanization of the surface of 
each bead). (b) Response against beads inoculated 24 hours after infection (or blood-feeding), 
i.e. when the parasite is in its late ookinete stage. At this stage, the parasite is most sensitive to 
encapsulation. (c) Inoculation after 48 hours, i.e. at an early oocyst stage. (d) Inoculation after 
96 hours, i.e. at a later oocyst stage. At this stage, the oocyst appears to hide from the 
mosquito’s immune system by having incorporated laminin into the wall of the oocyst (from 
Boéte, Paul and Koella 2002). 
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Immuno-suppression 

The parasite may be able to suppress the mosquito’s immune response, This would 
indeed come as no surprise, as immuno-suppression has evolved in several parasites 
and parasitoids of insects. The best-known examples of immuno-suppression are 
found in several dipteran and hymenopteran parasitoid species, whose larvae develop 
within their insect host (Strand and Pech 1995). These parasitoids inject a poly-DNA 
virus or a protein into the insect host (Beckage 1998; Vinson 1990), which shuts 
down the insect’s immune system (Rizki and Rizki 1990). Immuno-suppression is 
also found in several bacteria/nematode complexes (e.g. Heterorhabditis/ 
Photorhabdus) that parasitize insects. The nematode penetrates the insect, releases 
immuno-suppressive substances into the insect’s haemocoel, and then releases its 
bacteria. The bacteria, uninhibited by the insect’s immune response, replicate 
extensively within the insect, thereby providing the nematode with nutrition (Boemare 
et al. 1997; Wang and Gaugler 1999). 

Similar immuno-suppressive processes may be involved in the malaria-mosquito 
interaction, as mosquitoes infected by malaria parasites encapsulate negative 
Sephadex beads less effectively than uninfected controls, in particular during the 
parasite’s late ookinete and early oocyst stage (Boéte, Paul and Koella 2002and 
Figure 3b-d), the period when the parasite is most sensitive to the mosquito’s 
encapsulation immune response (Collins et al. 1986; Gouagna et al. 1998). Note that 
there is no suppression at later stages, when the parasites have incorporated laminin 
into the cell wall of their oocysts to hide from the mosquito’s immune system (Adini 
and Warburg 1999). It is not yet clear whether the lack of an immune response is due 
to active suppression of the immune mechanism by the parasite or a by-product of, for 
example, differences in the blood-meal between infected and uninfected hosts. In an 
evolutionary and epidemiological sense, however, this does not matter. What matters 
is that infection by malaria parasites in some way renders the immune response less 
effective. 

It is even less clear whether the efficacy of ‘immuno-suppression’ has a genetic 
basis. But if it does, one may fear that any increase in the efficacy of the mosquito’s 
immune response due to genetic manipulation will be compensated by an increase in 
the efficacy of immuno-suppression. If this is the case, efforts to boost the general 
efficacy of the immune response may be wasted. A greater research effort is needed 
on mechanisms and genes that counteract the parasite’s immuno-suppressive action. 


Environmental effects 

The genetic basis of refractoriness may be overridden by environmental or other 
factors. It is indeed clear that the immune response of mosquitoes is modified by 
environmental quality, as it is for most invertebrates (Brey 1994). If, for example, 
larvae are reared in crowded or undernourished conditions, the emerging adults have a 
weak encapsulation immune response. Thus, in one experiment using the strain of An. 
gambiae previously selected to be refractory (Collins et al. 1986), reducing food from 
100% to 25% of a standard diet reduced the proportion of mosquitoes that melanized 
more than half of the surface of inoculated Sephadex beads from 75% to 36% 
(Suwanchaichinda and Paskewitz 1998 and Figure 4a). Similarly, if adults are stressed 
by temperature (Suwanchaichinda and Paskewitz 1998) or by the lack of nutrition, be 
it blood or sugar (Chun, Riehle and Paskewitz 1995; Schwartz and Koella 2002), the 
encapsulation immune response is weakened (Figure 4b). 

Furthermore, the immune response of mosquitoes weakens with age (Boéte, Paul 
and Koella 2002; Chun, Riehle and Paskewitz 1995 and Figure 4c). Thus, in one 


179 


Chapter 13 


natural population of An. gambiae the efficacy of the immune response of blood-fed 
females decreases from close to 100% just after emergence to about 75% four days 
after emergence (Schwartz and Koella 2002). The epidemiological problem associated 
with the lower efficacy of immunity in the older mosquitoes is that in the same area 
about 25% of the mosquitoes become infected during a night of blood-feeding (Lyimo 
and Koella 1992). Therefore, most mosquitoes will become infected when they are 
more than 5 days old, i.e. when the immune response is no longer completely 
effective. 
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Figure 4. Potential reasons, due to environmental effects, for reduced efficacy of a mosquito’s 
immune response and refractoriness against malaria parasites. In (a) and (c) the bars show the 
percentage of mosquitoes that melanized at least 50% of the bead’s surface and the vertical 
lines show the 95% confidence interval of the percentage. In (b) the bars show the percentage 
of mosquitoes that completely melanized the bead, that had patchy melanization (i.e. that left 
unmelanized areas on the bead) or that had no visible melanization. (a) Effect of larval food 
(in percentage of a standard diet) on a refractory line of An. gambiae (after Suwanchaichinda 
and Paskewitz 1998). (b) Effect of sugar and blood-feeding on 4-day-old Ae. aegypti (from 
Koella and Sgrensen 2002). (c) Effect of age after emergence on a refractory and susceptible 
line of An. gambiae (after Chun, Riehle and Paskewitz 1995). 


Effect on malaria burden 
These considerations give a less optimistic view of the possibility of controlling 


malaria with genetic manipulation of mosquito immunity. The problems are, on the 
one hand, that non-genetic factors might decrease the efficacy of the refractory genes 
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and, on the other hand, that the parasite’s counter-response might leave some of the 
parasites unrecognized or that it suppresses the refractory response. Therefore, it 
seems unlikely that insect immunity refractory genes will lead to completely 
refractory mosquitoes that can resist all infections. In other words, the best that any 
control programme based on genetic manipulation can do is to reduce the number of 
susceptible mosquitoes, but not eliminate them. But reducing the number of 
susceptible mosquitoes — whether this is due to mosquito control or to the release of 
genetically manipulated mosquitoes — has already been shown by Macdonald to be 
inefficient control strategy that would have little effect on the epidemiology of 
malaria in areas of intense transmission (Macdonald 1957). The model used above to 
describe the spread of refractory genes confirms Macdonald’s prediction: even if 
refractory genes were fixed, the prevalence of malaria in areas of moderate to intense 
transmission would decrease substantially only if the efficacy of the immune response 
in resisting infection were close to 100% (Figure 5), an efficacy that is so challenging 
that it is unlikely to be reached. 
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Figure 5. Theoretical predictions concerning the effect of fixation of a gene coding for 
refractoriness on the prevalence of malaria, as a function of the intensity of transmission 
(before a gene coding for refractoriness has spread) and the efficacy of the refractoriness (the 
proportion of infections that are cleared). For details of the model and parameters, see Boéte 
and Koella (2002). 


Conclusion 


In conclusion, one may fear that, even if we can boost the mosquitoes’ immune 
response against malaria, the refractoriness will be too ineffective to have much 
influence on the prevalence of disease. I conclude, however, with two more 
constructive remarks. First, while it is unlikely that genetic manipulation alone will 
work in areas with intense transmission, simultaneous control strategies could reduce 
the intensity of transmission to a level where refractory mosquitoes are likely to have 
a major impact. Second, while we have shown that boosting the immune system is not 
enough for malaria control, our focus on the complexities of the immune system and 
its interactions with the environment have identified key points that should be 
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considered in designing more efficient genetic-manipulation strategies. What, for 
example, are the environmental conditions in natural populations and to what extent 
do they influence the immune system? Can we find genes that specifically boost the 
immune response in old mosquitoes (just as there are genes that slow the ageing 
process of Drosophila)? What is the mechanism of immune-suppression, and are there 
ways of preventing it? Answers to such questions, and thus effective malaria control 
with genetically manipulated mosquitoes, cannot be reached by laboratory studies 
alone, but must integrate molecular biology with field and theoretical studies of the 
evolutionary ecology of refractoriness. 


Appendix: structure of model 


Our model describes the spread of refractoriness in populations by combining 
population-genetic with epidemiological ideas (Boéte and Koella 2002). 
Epidemiological equations are used to calculate the mosquito’s fitness as a function of 
the cost and benefit of refractoriness. The population-genetic equations then use the 
mosquito's fitness to calculate the change of the frequency of the refractory allele, 
which in turn defines the prevalence of infection in the human population. The human 
prevalence feeds back onto the mosquito’s fitness, because the conditional cost (i.e. 
the cost that is expressed when the immune system responds to an infection) and the 
benefit of refractoriness increase with the probability that the mosquito is infected. 
Details of cost and benefit of refractoriness can be found in the main text. The 
combination of epidemiological and population-genetic equations gives a negative 
feedback that is not found in standard population-genetic approaches (see Figure I). 


Cost of refractoriness 
* Maintenance cost { cost of refractoriness genes } 


‘Conditional cost = _{ cost of immune response } 
{ probability of infection } 


Benefit of refractoriness __{ effect of parasite } 
{ probability of infection} _ 
{ efficacy of refractoriness } 


Intensity of transmission Prevalence in human population 


Figure I. Schematic description of the epidemiological feedback in a population-genetic 
model describing the spread of refractoriness. For equations and parameters, see Boéte and 
Koella (2002). 
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Aedes aegypti density and the risk of dengue-virus 
transmission 


Thomas W. Scott” and Amy C. Morrison* 


Abstract 


Using genetically modified mosquitoes to control vector-borne diseases will 
require specific, quantitative targets for the extent to which populations of competent 
mosquito vectors need to be reduced in order to produce predictable public-health 
outcomes. Unfortunately, dengue researchers do not have an entomological measure 
for predicting the risk of human dengue infection and disease that is as effective as 
they would like. The situation is further complicated by the fact that contemporary 
dengue control is based on the assumption, which has not been thoroughly tested, that 
a reduction in adult Aedes aegypti population densities will decrease risk of virus 
transmission. Ae. aegypti eradication is not considered feasible and there are no 
commercially available dengue vaccines or clinical cures. Herein we discuss four 
interrelated questions that need to be addressed for the proper evaluation and 
implementation of genetically modified mosquitoes for dengue control. In specific 
terms, what is an acceptable level of dengue risk? What are the mosquito densities 
necessary to achieve that goal? What is the best way to measure entomological risk? 
Because most dengue risk factors are likely to exhibit spatial dependence, at what 
geographic scale are the components of dengue transmission important? We conclude 
with two recommendations for improving dengue surveillance and control. First, there 
is an urgent need for field-based prospective longitudinal cohort studies on the 
relationships among measures of Ae. aegypti density, dengue incidence, and severity 
of disease. Second, new rapid, inexpensive, and operationally amenable 
methodologies are needed to evaluate and monitor the impact of vector-control 
strategies on disease reduction. Unless competent mosquito vectors are eliminated 
entirely, predicting and evaluating success following release of genetically modified 
Ae. aegypti will require a more thorough understanding of the relationship between 
vector density and the risk of human disease. 


Keywords: Aedes aegypti; dengue; arbovirus; transmission; risk; surveillance; 
control; transgenic mosquito 


Introduction 


The conceptual basis for the population-replacement paradigm of mosquito-borne 
pathogen control is that human disease will be decreased following the introduction of 
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a gene into a mosquito population that confers resistance to the pathogen (James 
2000). The goal is to replace an existing susceptible mosquito population with one 
that is composed of refractory conspecifics by altering vector competence, or the 
capacity for mosquitoes to become infected with and transmit a pathogen. 
Modification of the structure of an existing population is a strategic departure from 
earlier genetic tactics, which aimed to reduce mosquito density by interfering with 
their reproduction (see chapters by Reisen and Lounibos elsewhere in this volume). 
Although details of the two approaches are different, the desired outcomes are 
equivalent;i.e., to reduce the number of competent mosquito vectors and, as a result, 
disease in humans will decrease. 

Successful application of population replacement will rely heavily on knowledge 
of relationships among mosquito density, human infection with the mosquito-borne 
pathogen, and severity of human disease. Those associations become unimportant 
only if population replacement is perfect; that is, all competent mosquitoes are 
eliminated and immigration of competent mosquitoes is permanently prevented. Short 
of competent vector eradication, understanding the relationship between mosquito 
density and human infection is critical for a realistic probability of disease prevention. 
Successful application of population replacement will require specific, quantitative 
targets for the extent to which populations of competent vectors need to be reduced in 
order to produce predictable public-health outcomes (Scott et al. 2002). 

In this chapter we discuss the relationship between density of Aedes aegypti and 
human dengue virus infections. Although critical for successful application of 
population replacement, the material covered has broad application that transcends 
genetically modified mosquitoes (GMM). It is relevant to any method that is intended 
to reduce disease by reducing, but not eliminating, Ae. aegypti populations. When 
appropriate we raise important unanswered questions, make recommendations for 
how knowledge gaps could be filled, and suggest which new methodologies would be 
most helpful. To place this discussion in its proper perspective, it must be noted that 
vector density is one of many topics related to a thorough evaluation and application 
of population-replacement technology. Other issues — for example, spread and 
stability of introduced genes, the evolutionary consequences of mosquito 
transformation, quantitative assessments of mosquito biology and disease control, and 
components of vector capacity other than vector density — are discussed elsewhere in 
this volume and in recent publications (Scott et al. 2002). 


Relationships between mosquito density and pathogen transmission 


Malariologists (Charlwood et al. 1998) have been more successful than dengue 
researchers in relating vector density to infection and disease (Scott et al. 2002). The 
entomological inoculation rate (EIR), which is defined as the number of sporozoite- 
infected mosquitoes biting a person per unit of time, is a robust measure of 
entomological risk for transmission of malaria parasites. Recent prospective 
epidemiological studies produced valuable insights into the relationships between EIR 
and malaria morbidity and mortality (Smith, Leuenberger and Lengeler 2001). Results 
were not always intuitively obvious, fortifying the need for additional field-based 
studies that directly link entomology with epidemiology. For example, in southern 
Tanzania the risk of human infection increased with the EIR when the prevalence of 
human infection was low (Boéte and Koella 2003). But when parasite prevalence was 
high, transmission became saturated and an increase in EIR did not result in a rise in 
detection of parasites in infants. Another concern is that long-term vector-density 
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reduction will drive mosquito abundance toward the minimal entomological threshold 
and result in unstable malaria transmission. When this happens, a higher proportion of 
people will survive to adulthood without being infected with malaria parasites. 
Primary infections in adults will result in more severe disease than if the initial 
infections were predominately in children who developed immunity and consequently 
experienced less severe disease as adults. This phenomenon is known as the “rebound 
effect” and is a possible adverse outcome that can occur when pathogen transmission 
is reduced but not eliminated. The goal of a GMM release, similarly, would most 
likely be to reduce the number of new human infections rather than to eliminate them. 
Recent results from bed-net studies indicate, however, that reduction in contact 
between humans and infected mosquitoes does not result in a detectable increase in 
severity of disease, even after years of bed-net usage (Maxwell et al. 2002). A 
complicating factor for malaria, that is less of a problem for dengue, is that because 
parasites in a given location are often transmitted by more than one mosquito species, 
rendering one species or chromosomal form resistant will not prevent transmission by 
other, non-transformed mosquitoes. The relative contribution of different mosquito 
populations to the local burden of malaria will need to be understood to predict the 
impact of a GMM release. Overall, an improved understanding of the relationships 
among various measures of entomological risk, human infection, and disease 
prevalence and incidence would be important contributions for strengthening 
predictions for the effect of population replacement on malaria transmission. 

Unfortunately, dengue researchers do not have an entomological measure for 
predicting the risk of human infection and disease that is as effective as the EIR is for 
malaria risk predictions. Virus infection rates in Ae. aegypti are typically too low 
(Kuno 1997) to base a surveillance program on an EIR or its equivalent. This is 
especially true when one considers the currently available technology for collecting 
adult female Ae. aegypti and detecting virus in them. In addition, sterilizing immunity 
that follows a dengue-virus infection, which is different from the non-sterilizing 
response associated with malaria, can lead to spatially and temporally explicit patterns 
of virus transmission. For example, the probability of transmission will be low in an 
area regardless of the magnitude of measures of entomological risk, if human herd 
immunity is high. Conversely, if herd immunity is low, relatively low population 
densities of Ae. aegypti could precipitate an epidemic. 

In a large, cohort-based prospective study Morrison and Scott (unpublished data) 
determined that traditional indices for Ae. aegypti density are correlated with 
prevalence of human dengue infections, but are at best weakly correlated with the 
incidence. The relationship of Ae. aegypti indices to the diversity of dengue-related 
disease is essentially unknown. Inconsistent associations from research prior to that of 
Morrison and Scott may in part be attributable to relatively small sample sizes and 
short durations of study. Moreover, Ae. aegypti survive and efficiently transmit 
dengue virus even when their population densities are remarkably low (Kuno 1997). 
Efficient virus transmission at low vector densities has been attributed to this 
mosquito’s propensity to imbibe blood meals almost exclusively from humans and to 
do so frequently (0.6 — 0.8 meals per day), something that increases their contact with 
human hosts and as a result enhances their opportunities for contracting or 
transmitting a virus infection (Scott et al. 2000a). 

Reduction of vector populations is currently the only way to prevent dengue 
because there is no commercially available vaccine or clinical cure. A successful 
population-replacement strategy that reduces mosquito density below threshold levels 
but falls short of Ae. aegypti eradication will reduce human herd immunity and 
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accordingly increase the risk of virus transmission. Minimal entomological thresholds 
for dengue, which are low even without vector control (Kuno 1997) because of Ae. 
aegypti’s unusually efficient ability to transmit virus, will need to be reduced to even 
lower levels. A public-health program that requires decreasingly smaller numbers of 
competent mosquito vectors will be difficult to manage operationally and, more 
importantly, to sustain over any considerable period of time. Nevertheless, without 
information on the relationship between vector density and disease risk dengue 
prevention programmes will lack specific targets for vector densities. Accordingly, 
predicting and validating entomological thresholds is one of the most important 
contributions that could be made to our understanding of dengue epidemiology and 
the application of population-replacement strategies for disease prevention. 


Entomological assumptions of dengue control 


Methodologies for the surveillance and control of Ae. aegypti are rooted in 
techniques that were developed for mosquito eradication in order to prevent yellow 
fever. In the 1950s and 1960s a hemisphere-wide campaign to eradicate Ae. aegypti 
was initiated in the New World (Dengue and dengue hemorrhagic fever in the 
Americas: guidelines for prevention and control 1994). The programme was 
successful, eliminating the mosquito from most of Latin America. It relied heavily on 
vector surveillance to detect the presence or absence of Ae. aegypti. Although 
programmes to eliminate Ae. aegypti helped define the value of vector eradication for 
disease prevention, eradication efforts provided little insight into the quantitative 
relationships between mosquito abundance and dynamics of virus transmission 
(Dengue and dengue hemorrhagic fever in the Americas: guidelines for prevention 
and control 1994; Gubler and Kuno 1997; Reiter and Gubler 1997). For a variety of 
reasons — including changes in political and public-health priorities, changes in human 
demographics, increases in human travel, mosquito resistance to insecticides, and, 
perhaps most importantly, the inability to sustain the funding and infrastructure 
requirements of eradication — reinfestation of cleared areas began in the 1970s. 
Subsequently, in 1994 the Pan-American Health Organization (PAHO) declared 
eradication of Ae. aegypti an unattainable goal (Dengue and dengue hemorrhagic 
fever in the Americas: guidelines for prevention and control 1994). 

The new goal of dengue prevention and control programmes became the “cost- 
effective utilization of limited resources to reduce vector populations to levels at 
which they are no longer of significant public-health importance” (Dengue and 
dengue hemorrhagic fever in the Americas: guidelines for prevention and control 
1994). The implicit assumption of this approach is that a reduction in the adult Ae. 
aegypti populations will decrease risk of virus transmission. In fact, it could be 
interpreted that any reduction, no matter how small, will reduce disease (Reiter and 
Gubler 1997). Although this recommendation makes intuitive sense, it is not precise 
enough to be applied in an operational context. How should public-health 
entomologists identify and then reduce mosquito populations to the level at which 
they are no longer significant? Vector-control programmes require a different kind of 
surveillance from the presence or absence criteria used in the eradication paradigm. 
For control the objective is to maintain Ae. aegypti populations below or close to 
minimal transmission thresholds, slow the force of dengue-virus transmission, and 
reduce sequential infections with heterologous serotypes, which are positively 
associated with increased risk of severe disease (Vaughn et al. 2000). The 
fundamental premise is that disease can be managed by reducing de. aegypti 
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population densities. However, no well-controlled field studies have been carried out 
to define the dynamic relationships between Ae. aegypti density and human virus 
infections. Assumptions about the relationship between mosquito density and dengue 
risk were not necessary for eradication programmes. They are, however, essential for 
a vector-control strategy, including those based on the release to GMM, and as such 
they must be defined and validated. 

The shift in focus from mosquito eradication to control prompted a re-evaluation of 
Ae. aegypti surveillance techniques. Unfortunately, associations between existing 
indices and dengue transmission have not proven to be satisfactorily predictive. This 
may be because the most commonly applied indices are based on easy to sample 
immature Ae. aegypti that do not transmit virus. Only adult females transmit virus, 
and because they do not enter standard mosquito traps they are difficult to collect in 
the context of a geographically diverse surveillance programme. Development of new 
methodologies to collect adult Ae. aegypti, especially females, for surveillance 
purposes would be a most valuable contribution to dengue prevention including the 
evaluation of the population replacement strategies. 

A successful dengue-control programme based on vector control will require that 
four interrelated questions be answered (see Figure 1). First, in specific terms, what is 
an acceptable level of dengue risk? Second, what are the mosquito densities necessary 
to achieve that goal? Answering this question requires a detailed understanding of the 


What is an acceptable level of dengue risk? 


What are the mosquito densities (thresholds) 
necessary to meet risk goals? 


What are the most 
informative measures of 
entomological risk? 


At what geographic scale are 
risk factors important; e.g., at 
what scale should they be 

measured? 


Figure 1. Four interrelated questions for determining entomological thresholds for prevention 
of dengue virus-related illness. 


relationship between mosquito density and dengue transmission, so that one can 
predict the public-health impact of specified reductions in the abundance of competent 
mosquito vectors. Third, what is the best way to measure entomological risk? By this 
we mean identification of methods and survey designs. Fourth — because most dengue 
risk factors are likely to exhibit spatial dependence — at what geographic scale are the 
components of dengue transmission important? Because parameters and processes 
important at one scale are frequently not important or not predictive at another scale 
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(Liebhold, Rossi and Kemp 1993), the appropriate geographic scale must be identified 
for important dengue risk factors. 

The remainder of this chapter is a review of key elements of these issues with our 
suggestions for how they can be clarified. A fundamental component that iS woven 
throughout our discussion is that the answers to these questions can and should be 
derived from field-based research. 


What is an acceptable level of dengue risk? 

Defining an acceptable level of dengue risk will be a complex and dynamic process 
that will depend on the resources, public-health priorities, and history of dengue in the 
country or region affected. A likely acceptable and overreaching goal will be the 
desire to prevent large, explosive epidemics. The objective will be to reduce the force 
of virus transmission. In order to understand transmission well enough to predict 
outcomes of interventions with reasonable certainty, considerably more needs to be 
learned about the relationship between transmission dynamics and severe disease. 
This should be a priority for study. In practice, public-health officials will most often 
set goals based on the individual needs of their country or region. Goals will need to 
be dynamic; that is, they will need to fluctuate as virus transmission and successes in 
disease prevention rise and fall. So that, for example, goals could range from no 
deaths in a community to no hospitalizations to no children missing school with a 
dengue illness to specified reductions in any of these outcomes. It cannot be 
overemphasized that the goal will be to prevent disease, which varies in severity and 
is not always a consequence of infection; some dengue infections are asymptomatic. 
Characterizing the relationship of mosquito density to human infection will be easier 
than with disease. Infection is a binary yes or no response. Disease is a continuous 
variable with multiple different outcomes ranging from the absence of disease to 
death. Defining these relationships will constitute the informational basis for the 
development of effective public-health policy and surveillance. 


What are the mosquito densities (thresholds) necessary to meet risk goals? 

A conceptual representation of the relationship between mosquito vector density 
and the risk of a person being infected with an arbovirus is illustrated graphically in 
Figure 2. In this scenario there are two thresholds. The maximum threshold is a 
density above which additional mosquitoes will not increase the risk of human 
infection because the system is saturated. Conversely, at densities below the minimum 
threshold the risk of infection does not decrease because there are too few mosquitoes 
to sustain transmission. Transmission has ceased or if virus is introduced its basic 
reproductive rate is always less than | and it fails to persist. Between those two 
densities it is predicted that there is a functional relationship linking density and risk, 
such that reduction in mosquito density results in a corresponding decrease in 
infection risk. Figure 2 represents one possible example of what is a dynamic and 
complex association. That is to say, the relationship is not a single curve. Instead it is 
a theoretically infinite series of different-shaped curves representing different 
circumstances and conditions. We expect that the shape of the curve, or the nature of 
the relationship between density and risk, will vary temporally and spatially 
depending on factors like human herd immunity, density of human _ hosts, 
characteristics of mosquito-human interaction, virus introductions into the system, 
virulence of virus strains, and weather — for example, temperature and relative 
humidity — that affect mosquito biology and mosquito-virus interactions. 
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Figure 2. A graphical representation of the relationship between Aedes aegypti density and the 
risk of a person being infected with dengue virus. 
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Empirical derivation of a minimal entomological threshold for arbovirus 
transmission, to the best of our knowledge, was done only once before and it did not 
include dengue. From 1965 to 1967 in southern California W.C. Reeves and his 
colleagues (Reeves 1971) determined the relationship between the density of Culex 
tarsalis and transmission of western equine encephalomyelitis (WEE) virus. Mosquito 
densities were reduced by the application of insecticide over nearly 1,500 square 
miles in Kern County. The number of mosquitoes collected in bird-baited traps and 
New Jersey light traps (NJLT) were used as relative measures of mosquito density. 
The magnitude of virus transmission was estimated based on infection rates of Cx. 
tarsalis and detection of WEE-specific antibodies in sentinel chickens. Reeves 
concluded that when less than 1 mosquito was captured per trap per night, virus 
transmission had been reduced to the extent that it could not be detected. When 2 - 9 
mosquitoes were captured per night, low levels of transmission could be detected. 
When more than 10 mosquitoes were captured, transmission increased and the risk of 
human or equine infection rose. A similar analysis with St. Louis encephalitis (SLE) 
virus indicated that thresholds were higher than for WEE — transmission was 
undetectable when mosquito densities were above 10 per trap per night — suggesting 
that transmission of SLE was less efficient than WEE. Olson et al. (1979) reported 
similar results for their retrospective analysis of relationships between NJLT and 
human-incidence data collected from 1953 to 1973 throughout California. These are 
important studies because they demonstrate the utility of relative measures, as 
opposed to the prohibitive requirement of absolute counts, of mosquito vector density 
for predicting transmission risk. As such, mosquitoes captured per unit time can be 
used to develop, apply, and evaluate novel techniques, like GMM, and public-health 
policy for reducing arboviral disease. 

Establishing epidemiologically significant levels of entomological indices for 
dengue has been elusive (see Table 1). In urban areas in Latin America, a container 
index (CI) of less than 10 (Conner and Monroe 1923) or a house index (HI) of < 5 
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(Soper 1967) was considered a prophylactic level for yellow-fever transmission. 
During a yellow-fever epidemic in Diourbel, Senegal, transmission occurred only in 
areas where the World Health Organization density index was > 5 (Brown 1977). 
PAHO (Dengue and dengue hemorrhagic fever in the Americas: guidelines for 
prevention and control 1994) recognizes three levels of infestation for dengue 
transmission: low (HI < 0.1%), medium (HI = 0.1-5%), and high (HI > 5%). These 
estimates were similarly obtained retrospectively. They require empirical verification 
because results from field studies indicate that there is an inconsistent relationship 
between larval indices and virus transmission rates (Focks and Chadee 1997). 


Table 1. Estimates of dengue entomological thresholds. 


Index Aedes aegypti density Author 
Container < 10% Safe zone for yellow-fever Connor and Monroe 
index transmission 1923 
House <5% Prophylactic for yellow fever Soper 1967 
index 
Breteau =5 Absence of — yellow-fever Brown 1977 
index transmission 
House > 15% Dengue hemorrhagic fever Brown 1977 
index present 
Pupae per 1.05—0.26 Unable to sustain dengue Focks et al. 1995, 2000 
Person transmission 


In the past 30 yrs, two countries — Cuba (Armada Gessa and Figueredo Gonzalez 
1986) and Singapore (Chan 1985) — have instituted successful dengue-control 
programmes. At both locations control was vertically oriented and incorporated 
source reduction, space spraying, health education, and law enforcement — there were 
negative consequences for non-compliance. In response to a serious dengue epidemic 
in 1981, Cuba reduced the national HI from 35 to 0.2. Since then, maintaining a HI of 
<0.01 has prevented dengue (Guzman et al. 1999). Before control programmes were 
instituted in Singapore, DHF was most prevalent where HI were >15 (Brown 1977). 
With control, HIs were reduced from 25 to < 5 by 1973 and to < 1 by the mid-1980s. 
Although dengue transmission persists and has been increasing since 1986, the 
incidence of dengue in Singapore remains considerably lower than in neighbouring 
countries. 

We can safely expect that transmission thresholds will vary depending on a variety 
of factors. The extent of dengue transmission is determined by the level of herd 
immunity in the human population to circulating virus serotype(s); virulence 
characteristics of the viral strain; survival, feeding behaviour, and abundance of Ae. 
aegypti; climate; and human density, distribution, and movement (Focks et al. 1995; 
Kuno 1997). An important unanswered question in this regard concerns whether all 
these factors need to be measured to predict risk or, if the complexity of the system 
can be reduced, what kind of information needs to be gathered for which components? 
One way to address these issues is through the application of quantitative models. 

A differential equation model of dengue transmission was developed to estimate 
the basic reproductive rate of dengue and to evaluate the relative merits of different 
insecticide and source-reduction control strategies (Newton and Reiter 1992). Results 
from the model reinforce conventional thoughts about the role of herd immunity in 
dengue-transmission dynamics. As herd immunity increased, higher mosquito 
densities were needed to support dengue transmission. For example, at >80% 
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immunity, no transmission occurred, even when mosquito densities were high (5 
mosquitoes/person). Below 80% immunity, significant transmission could occur at 
increasingly lower vector densities. Thus, with herd immunity at 50%, about 40% of 
the human population can be infected at a density of 3 mosquitoes/person, whereas 
with herd immunities at 10%, a similar number of cases can occur at less than 1.5 
mosquitoes/person. The authors pointed out that these conclusions require validation 
with field data. 

During the early to mid-1990s two computer simulation models were developed 
that can be used to estimate dengue entomological thresholds (Focks et al. 1993a; 
1993b; 1995). We will refer to them as the container-inhabiting mosquito simulation 
model, which led to development of the dengue-transmission simulation model. The 
mosquito model is a habitat- and weather-driven accounting programme of the 
population dynamics of Ae. aegypti. The dengue model accounts for the dynamics of a 
human population driven by country- and age-specific birth and death rates. 

As part of a validation of the dengue model, data from a 1978 dengue epidemic in 
Honduras were examined (Focks et al. 1993b). During the epidemic, a positive 
correlation between Ae. aegypti indices and seroprevalence of dengue antibody was 
observed, which suggests that low mosquito densities prevented dengue transmission 
in unaffected communities (Figueroa et al. 1982). Simulations with lower mosquito 
abundances indicated that this explanation was plausible. Transmission thresholds for 
the Honduras site were estimated to be something less than 0.5 female Ae. 
aegypti/person, which corresponded to 0.25 pupae/person. Thresholds are expected to 
vary in association with fluctuations in ambient environmental conditions, especially 
temperature, and seroprevalence of the human population to circulating or introduced 
viruses (Focks et al. 1995; Focks 2003). These results indicate that minimum 
entomological thresholds for dengue are low and dynamics in the relationship 
between mosquito density and human infection are complex. 

There is clearly a need for Ae. aegypti control guidelines that include realistic, 
quantitative goals. It is not enough to say we must reduce the mosquito population. 
We need to specify how much the population must be reduced and what effect that 
will have on virus transmission. With limited, and sometimes dwindling, resources 
there are distinct advantages to being able to target locations or components of the 
mosquito’s life cycle/behaviour where intervention can do the most good. Simulation 
models are a tool for examining the relationship between mosquito abundance and 
dengue incidence, for identifying container habitats in which mosquito larvae are 
most numerous, to estimate the impact of removing containers on mosquito 
abundance and dengue transmission, and to estimate transmission thresholds. 

Simulations with data from Iquitos, Peru, illustrate how the mosquito and dengue 
models can be used to characterize risk of virus transmission in geographically 
distinct areas. Although limited by sample size and a lack of temporal concordance 
with weather, seroprevalence and entomological data, this example nevertheless 
supports the notion that there is spatial heterogeneity of dengue risk in a single city. 
Entomological data were collected during 1994-1995, serologic determination of 
prevalence and incidence rates were carried out in 1993-1995, weather data were 
recorded during 1987-1991, and age-specific human demographic data came from 
1993. In two neighbourhoods (Maynas and Tupac Amaru), we set the following 
starting parameters: a dengue-1 viremic person was introduced into the community 
once a month. Entomological surveys indicated that the number of pupae/person/ha 
was slightly higher in Maynas (0.40) than in Tupac Amaru (0.32). Similarly, the 
average number of adult female Ae. aegypti/person/ha generated by the mosquito 
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model was 0.64 in Maynas and 0.60 in Tupac Amaru. For each neighbourhood we ran 
10 simulations. Because stochastic events are sometimes important in the early phases 
of a mass-action phenomenon such as an epidemic, repeated simulations with the 
same starting conditions do not always result in similar outcomes. This is most likely 
to occur as conditions become intermediate between favouring the loss or the rapid 
expansion of transmission; that is, when the lower transmission threshold is 
approached. 

Results from pre-intervention simulations are shown in panels A and C of Figure 3. 
Each point on the graph represents the dengue incidence rate (cases/1,000 
population/120 days). At both sites, significant dengue-1 transmission was observed. 
Overall transmission rates were higher in Tupac Amaru, probably because the human 
population density was higher than in Maynas (353 versus 311 persons/ha). In both 
populations, dengue-1 epidemics occurred in most simulations. 
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Figure 3. Results of 10 computer simulations of the impact on dengue-1 virus transmission of 
Ae. aegypti control in Maynas and Tupac Amaru neighbourhoods of Iquitos, Peru. The model 
was set up to introduce dengue-1 virus one time per month per yr (day 120). (A) Maynas 
dengue-1, before insecticide or source-reduction interventions, pre-treatment. (B) Maynas 
dengue-1, after insecticide or source-reduction interventions, post-treatment. (C) Tupac 
Amaru dengue-1 pre-treatment. (D) Tupac Amaru dengue-1 post-treatment. 


In the second phase of this exercise, we simulated a source-reduction intervention 
by removing selected containers that could serve as sites for larval development. For 
evaluation of a GMM release, modifications in equilibrium levels for mosquito 
susceptibility to virus infection or the density of competent vectors could be 
examined. For our study, we estimated that treating water barrels would reduce all 
pupal production by 69% in Maynas, based on Iquitos field data. Results from the 
vector-control simulations were dramatic (Figure 3, panels B and D). The estimated 
number of adult female Ae. aegypti/person/ha decreased from 0.64 to 0.27 and there 
was nearly complete prevention of virus transmission. Incidence rates never exceed 2 
cases/1,000 population. In contrast, in Tupac Amaru simulated removal of all 
miscellaneous containers, which should have reduced pupal production by 43%, 
lowered the density of female mosquitoes/person/ha to 0.5 and reduced dengue-1 
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transmission 3-fold. In Maynas it appeared that targeted source reduction lowered 
mosquito densities below the minimum threshold. Conversely, in Tupac Amaru even 
though densities did not go below the minimum threshold, transmission was 
decreased by about half. For a complete analysis, simulations would need to be run 
for each endemic or introduced virus serotype. Our example was limited to dengue-1. 
We expect that the predicted impact on virus transmission will be virus-specific and, 
thus, unique for each serotype. 

The next step in the application of these tools will be to carry out field-based 
evaluations. How well does simulation output match with actual reductions in adult 
female density and, more importantly, modification in virus transmission? Advantages 
of the simulation models are that they are flexible, allowing modification of virtually 
any component that an investigator might want to change, and they are stochastic, 
multiple simulations can be used to evaluate the probability of transmission or 
estimate risk. Drawbacks are that their complexity makes them difficult to follow and 
potential errors in component parts are amplified by the interaction of many different 
variables, they are not spatially explicit, they measure infections but not severity of 
disease, and they require considerable help to set up prior to carrying out comparative 
simulations. 


What are the most informative measures of entomological risk? 

In general, correlations among entomological indices and dengue incidence rates 
are inconsistent, understudied, and poorly defined. This may be because the often- 
used immature-mosquito indices are especially sensitive to sampling variation (Tun- 
Lin et al. 1996). Although more labour-intensive than the relatively simple immature- 
indices, monitoring adult mosquitoes, absolute pupal counts or larval productivity 
may be more predictive of disease risk. Two contributions are critical to breaking free 
from the conceptual rut in which dengue surveillance and control currently finds 
itself. First, there is an urgent need for rigorous field-based evaluations of the 
relationships among the available Ae. aegypti indices, virus transmission and disease. 
Second, new rapid and inexpensive methodologies are needed for assessing risk. As 
we explain below, it is becoming increasingly clear that dengue surveillance requires 
relatively large sampling efforts at frequent time intervals. 

Larval indices: Stegomyia indices were developed (Conner and Monroe 1923; 
Breteau 1954) to monitor the progress of vector eradication efforts and to protect Ae. 
aegypti-free zones from re-infestation (Soper 1967). The house or premises index (HI: 
% of houses infested with larvae and/or pupae) has been used most widely, but it does 
not take into account the number of containers with immature mosquitoes nor the 
production of adults from those containers (Dengue and dengue hemorrhagic fever in 
the Americas: guidelines for prevention and control 1994). The container index (CI: 
% of water-holding containers infested with active immatures) only provides 
information on the proportion of water-holding containers that contain > 1 immature 
mosquito; it does not account for variation in density or adult productivity. The 
Breteau index (BI: number of positive containers/100 houses) is considered the most 
informative because it establishes a relationship between positive containers and 
houses, but it fails to account for adults produced from containers. 

Since 1971, a variety of alternative indices were proposed (Chan, Chan and Ho 
1971; Bang, Bown and Onwubiko 1981; Chan 1985; Tun-Lin, Kay and Barnes 1995; 
Tun-Lin et al. 1996), which attempted to account better for adult productivity. In 
general, many of those indices were discounted because of the high degree of sample 
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variation and, perhaps more important, the severe logistical limitations that they posed 
(Tun-Lin, Kay and Barnes 1995). 

Pupal methods: Advantages of using pupae as a measure of Ae. aegypti 
abundance are that (1) absolute counts of Ae. aegypti pupae are feasible in most 
domestic environments (Southwood et al. 1972; Focks et al. 1995), (2) pupal mortality 
is slight and well-characterized, and (3) the number of pupae/person is highly 
positively correlated with the number of adults mosquitoes/person (Southwood et al. 
1972; Focks et al. 1981). For additional discussion on the relative merits of this 
approach, the reader is referred to a recent review by Focks (2003), which was 
intended to encourage the use of the pupal index. Disadvantages of the pupal index 
concern the time and manpower necessary to carry it out and sampling variation. 
Collecting individual pupae is time-consuming, especially from large containers. In 
areas where other Aedes species coexist in domestic habitats, pupae from each 
container must be held separately until they emerge as adults for proper identification. 
Development of Ae. aegypti within individual containers has an important cohort 
effect; that is, groups of larvae develop into pupae synchronously, so that the number 
of pupae observed is dependent on the day of survey. The difference of one day can 
result in collecting only a few pupae compared to potentially hundreds the next. 
Nevertheless, when it is applied to individual container types and when a sufficiently 
large number of houses are surveyed, the pupal index can be used to estimate adult 
density and the relative proportion of the adult Ae. aegypti population attributable to 
each kind of container (Focks and Chadee 1997). Large sample sizes are essential to 
overcome sampling problems associated with temporal and spatial variation in Ae. 
aegypti pupal production (Getis et al. (submitted)). 

Adult population densities: In nature, adult Ae. aegypti population densities are 
relatively low compared to most other mosquito species and difficult to estimate, 
which based on current technology makes routine adult surveillance problematic 
(Reiter and Gubler 1997; Scott et al. 2000b). Capture techniques focus on females and 
include collecting mosquitoes that come to bite human bait (Nelson et al. 1978; Trpis 
and Héusermann 1986) or collection by indoor sweeps with hand nets (Tidwell et al. 
1990) and other manual methods. A drawback to using humans to attract mosquitoes 
is the ethical concern of exposing collectors to virus infection. These kinds of capture 
techniques are labour-intensive and subject to complex operator and location 
influences (Reiter and Gubler 1997). 

In an effort to standardize and make adult Ae. aegypti collection more 
straightforward, cardboard sticky lures are currently being evaluated (Bangs et al. 
2001). Disposable cards that contain a chemical mosquito attractant and are coated 
with an adhesive can be placed in houses to capture mosquitoes. In a laboratory study, 
the infecting virus serotype was correctly detected by reverse-transcriptase 
polymerase chain reaction up to 30 days after experimentally infected mosquitoes 
were applied to the lure. Field studies will define the capture efficiency of this 
technique. 

An indirect measure of adult female presence or absence is the oviposition trap or 
ovitrap. Black glass or plastic jars (ca. 500 ml) are partly filled with water. Eggs that 
were laid on a rough paddle or paper lining inside the trap can be collected and 
counted. The enhanced CDC ovitrap uses paired ovitraps with different dilutions 
(100% and 10%) of hay infusion and produces ca 8 times more Ae. aegypti eggs than 
regular ovitraps (Reiter, Amador and Colon 1991). Ovitraps do not provide estimates 
of Ae. aegypti population densities (Dengue and dengue hemorrhagic fever in the 
Americas: guidelines for prevention and control 1994; Reiter and Gubler 1997), but 
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they can give insights into relative changes in the adult female populations (Dengue 
and dengue hemorrhagic fever in the Americas: guidelines for prevention and control 
1994). An important source of ovitrap error are biases, that have not been formally 
defined and likely vary from one site to another, associated with competition with 
other, natural oviposition sites. 

The most effective adult Ae. aegypti collecting methodology is the backpack 
aspirator (Clark, Seda and Gubler 1994; Edman et al. 1992; Scott et al. 1993b; Scott et 
al. 1993a; Scott et al. 2000b). Mosquitoes are collected from resting sites, principally 
dark protected indoor sites, and densities can be estimated as the number of adults per 
house and as the number of houses positive for adults per number of houses sampled. 
Advantages of this method are that it results in collection of all physiological stages of 
female as well as male Ae. aegypti, not just females that are seeking a blood meal or 
laying eggs. The principal disadvantage is that it is labour-intensive and can be 
affected by variation in collector efficiency. Recent field studies in Thailand indicate 
that efficiency of skilled collectors is in the range of 20% of the mosquitoes in a house 
(Harrington, Edman and Scott unpublished data). 

The fact that none of these methods is as informative or amenable to large-scale 
sampling as we would like, reinforces the statement we made earlier — a most 
significant contribution to dengue surveillance and control would be development of 
an operationally feasible technique to monitor adult female Ae. aegypti population 
densities. A similar recommendation can be made for anopheline mosquitoes and 
malaria surveillance. 


At what geographic scale are risk factors important; e.g., at what scale should 
they be measured? 

Without a clear understanding of the spatial dependence of risk-factor data, 
accurate quantification of mosquito density thresholds will not be possible. For 
example, if entomological risk factors, such as abundance, survival, dispersal, and 
feeding behaviour vary spatially we must use statistical techniques that do not assume 
that observations are independent. Numerous spatial statistical methods are now 
available that account for the spatial structure of data. At the operational level, 
information on the spatial characteristics of dengue risk factors will have important 
implications for selecting sampling strategies for surveillance, targeting control 
measures, and providing the framework to develop dengue risk maps. 

Because they can be viewed as point processes, data on the distribution and 
abundance of Ae. aegypti and human dengue infections are well suited for spatial 
point pattern analysis and exploratory data analysis at different geographic scales 
(Gatrell et al. 1996; Getis 1999). Historically, most people studying Ae. aegypti have 
characterized temporal, rather than geographic, patterns in mosquito abundance 
(Gould et al. 1970; Sheppard et al. 1969; Yasuno and Pant 1970). In a few instances, 
spatial differences in Ae. aegypti population indices and rates of reported dengue 
cases were correlated with surveillance (Chan 1985; Morrison et al. 1998) and 
prospective longitudinal cohort data (Morrison and Scott unpublished data). In 
general, point pattern analysis allows one to test questions about clustering patterns 
for mosquito vectors and cases of disease among humans. For example, one can ask 
whether clustering patterns of dengue cases are primarily due to natural variation in 
Ae. aegypti population densities at households or whether clusters are merely the 
result of some a priori heterogeneity in the region were the study was conducted 
(Gatrell et al. 1996). It is also possible to determine the spatial scale over which 
clustering occurs and whether clusters are associated with proximity to specific 
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features of interest, such as village meeting places, schools or markets. Geographic 
scale is especially important because of the modifiable areal-unit problem (MAUP). 
MAUP refers to variation in results when data are combined into sets of increasingly 
larger areal units or alternative combinations of base units at equal or similar scales 
(Openshaw and Taylor 1979). Both phenomena are common problems for dengue 
surveillance and control programmes because data are most commonly reported for 
areal units defined by political rather than epidemiological boundaries. 

This technology was first applied to dengue transmission with reported cases from 
an epidemic in a small Puerto-Rican community — Florida, population 8,700 — during 
1991 (Morrison et al. 1998). Each case was georeferenced to 10m and the data were 
managed in an ARC/INFO geographic information system. Twenty-six percent of the 
houses had more than one reported case of dengue. Using two types of pattern 
analysis — K-function and Knox test — significant clustering was detected in individual 
houses over short periods of time, 3 days or less. Beyond 3 days no clustering of cases 
was detected. The geographic spread of cases through the community was so rapid 
and extensive that their spatial distribution did not significantly change during the 
course of the epidemic. 

The first large-scale spatially explicit study of variation in Ae. aegypti density is 
currently being carried out in the geographically isolated Amazonian city of Iquitos, 
Peru (Getis et al. (submitted)). Based on georeferenced larval, pupal, and adult Ae. 
aegypti samples collected in and around Iquitos households, analyses were carried out 
to define the (1) underlying spatial structure of Ae. aegypti infestations, (2) temporal 
stability of that structure, and (3) correlations between clusters at different Ae. aegypti 
life stages. Results from this study will have ramifications for estimating 
entomological risk of dengue transmission and standardizing dengue surveillance. 

K-function (Ripley 1981; Getis 1984) and G;* (Ord and Getis 1995) analyses 
revealed distinct patterns of Ae. aegypti clustering in Iquitos. Clusters of development 
sites containing larvae or pupae were limited to the smallest measurement of scale; 
that is, 10 m or the area associated with approximately one or two houses. Adult Ae. 
aegypti were strongly clustered at 10 m and weakly out to a maximum of 30 m. 
Modest adult dispersal by flight (Dengue haemorrhagic fever: diagnosis, treatment, 
prevention and control 1997; Prevention and control of dengue and dengue 
haemorrhagic fever: comprehensive guidelines 1999; Edman et al. 1998; Harrington 
et al. 2001) likely accounts for similarities in spatial distribution between immature 
and adult Ae. aegypti. Limited adult distribution and the tendency for females to 
imbibe human blood frequently (Scott et al. 2000a) may explain the household 
clusters of clinically ill people over short periods of time in Florida, PR (Morrison et 
al. 1998). Interestingly, a cohort effect was detected in Iquitos in which stages of the 
mosquitoes’ life cycles that are directly linked — for example, larvae to pupae — were 
spatially correlated to one another. If, however, a step in the development process is 
skipped — for example, larvae to adult — the correlation broke down. This helps 
explain the observation that the probability of positive containers being repeat 
offenders was relatively low. That is to say, why most positive containers were not 
infested with Ae. aegypti during repeated sampling. These results indicate that most 
containers are in flux, moving from containing immature Ae. aegypti and producing 
adults to returning to negative status. An important ecological implication of this 
observation is that Ae. aegypti populations in Iquitos appear not to be in equilibrium 
with the containers in which immature mosquitoes develop. Perhaps as proposed by 
Southwood et al. (1972) and Dye (1984) for Ae. aegypti in Thailand, in Iquitos 
availability of oviposition sites does not have a major regulating affect on adult 
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density. An implication of these results to Ae. aegypti surveillance for a GMM 
programme is that entomological risk must be measured at the level of the household 
at frequent time intervals. In Iquitos source reduction and education campaigns in 
conjunction with a GMM release are more likely to result in sustained reductions in 
Ae. aegypti populations and disease control than only using larviciding strategies 
targeted at specific container types. 


Implications 


To make the transition from eradication to control programmes, like population 
replacement, we must quantify the relationship between Ae. aegypti abundance and 
dengue virus transmission. The most effective way to characterize the density-risk 
association is to carry out prospective longitudinal cohort studies that measure 
simultaneously mosquito density, dengue incidence, and severity of disease. Study 
designs should not be limited to reported cases; rather they should include a variety of 
methods for monitoring the human population for symptomatic and asymptomatic 
infections. This could be done, for example, with a combination of scheduled blood 
draws and techniques for actively identifying disease. Prescribed serologic testing 
from a study cohort will capture all infections. Fever studies and monitoring 
attendance at some regular function, like school, will identify which of those 
infections resulted in disease, and from those individuals the severity of disease can 
be derived. Entomological and human data should be georeferenced — managed in 
geographic information systems — so that it can be analysed for epidemiologically 
relevant spatial and temporal patterns. Targeted reductions in adult female density in 
conjunction with incidence and disease monitoring would verify the existence of 
thresholds and quantify the relationship between abundance and incidence of disease. 
Absolute measures of disease reduction will be difficult to obtain. A more productive 
approach would be to note the relative affects of different control scenarios (Dye 
1992). From that kind of knowledge base the likelihood increases dramatically for 
understanding the effects of a GMM release. Simulation models can be used for this 
purpose, but before that happens the predictive capabilities of models must be 
properly validated with prospective field data. To determine what methods will be 
most useful in an operational context for initially evaluating and ultimately 
monitoring disease reduction from a GMM release we must develop new 
entomological survey techniques and properly evaluate the existing techniques that 
are summarized above. 

As defined in our introduction, we limited our discussion to the relationship 
between reduced vector competence and decreased disease risk. It is worth pointing 
out, however, that the prospects for dengue control would benefit by expanding our 
perspective to phenotypes other than refractoriness to pathogen infection (Rascon, 
Styer and Scott 2003). Examples of alternative phenotypes could include extension of 
the extrinsic incubation period, reduction of life span, age-dependent induction of 
mortality, reduction in blood-feeding frequency or the tendency to take blood meals 
from humans, and alterations in reproductive behaviour and biology. If these or other 
alternative approaches are pursued, the need for an entomological scaffolding like the 
one we discussed in this chapter will continue to be required for predicting outcomes 
and monitoring applications. An increasingly detailed understanding of the 
relationships between mosquito ecology and the epidemiology of the pathogens that 
they transmit is and will continue to be a fundamental component of improved public- 


health programs. 
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Abstract 


To begin to define the mass of transgenic vector-incompetent mosquitoes that 
might be required for modifying a natural vector population, the release ratios that 
have been employed in genetic-control experiments are reviewed. Proposed releases 
incorporating genetic-drive mechanisms may require somewhat smaller masses of 
released mosquitoes. Because pathogen-incompetent mosquitoes tend to be less fit 
than are those in natural target populations, at least as many construct-bearing 
mosquitoes must be released as are present in the target site at the beginning of the 
intervention. A series of well documented attempts to reduce the fertility of natural 
populations of mosquitoes were reported during 1967 through 1982. Those that 
succeeded generally released more than ten modified mosquitoes for each mosquito 
present at the time of the release. In the event that the entire vector population of the 
region is not immediately rendered incapable of supporting the development of the 
pathogen, some specified prevalence of construct-bearing must indefinitely be 
sustained there. Existing anti-malaria measures may be incompatible with such an 
intervention. A successful genetic intervention may require the sustained release of 
more human-biting mosquitoes than would otherwise be present in the target site. 


Keywords: Diptera; Culicidae; genetically modified mosquito; fitness; release ratio; 
transgene 


Introduction 


A rising level of excitement has followed the recent simultaneous descriptions in 
Nature and in Science (Gardner et al. 2002; Holt et al. 2002) of the genomes of the 
most important malaria parasite, Plasmodium falciparum, and of its principle African 
vector, Anopheles gambiae. These revelations stimulated intense speculation over the 
possibility that anopheline populations may one day be rendered incompetent as hosts 
for this pathogen. Toward that end, mosquitoes carrying an engineered gene might be 
released in nature such that the transgene will sweep through the natural vector 
population. Such a moiety is not likely, by itself, to increase in frequency. One 
solution, then, is to conduct a straightforward inundative release, involving vastly 
more release insects than would then be present in the site. Such a release might be 
preceded by extensive applications of conventional insecticide, followed by the 
withdrawal of these materials. Alternatively, the transgene might be linked to a drive 
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mechanism, such as a transposable element or a cytoplasmic incompatibility factor in 
the form of a durable construct. 

Several obstacles confront the concept of a driven release. One lies in the pattern of 
Mendelian inheritance that characterizes those transposable element systems in 
mosquitoes that recently have been investigated (Catteruccia et al. 2000). Because the 
transposons used for those transformations appear not to be mobile, offspring of a pair 
that carry such an element would be as likely as not to carry that sequence themselves. 
The sequence, therefore, would not drive. Another lies in the requirement that the 
transgene must never disassociate from its drive mechanism. The likelihood that this 
requirement will be met, however, seems remote (Spielman 1994, see also Curtis 
elsewhere in this volume). Yet another consideration focuses on the idea that a small 
inoculum involving only a few transposon-carrying individuals probably would not 
take hold in a natural population of mosquitoes. When released into caged populations 
of Drosophila melanogaster, P-elements frequently fail to become established at a 1% 
release ratio (Carareto et al. 1997). This transposon increases in frequency solely 
when the release ratio exceeds 10%. Even under ideal cage conditions and using 
naturally receptive insects, this classical transposable element requires a non-trivial 
initial inoculum. Another drive mechanism in a less well-adapted mosquito genome 
would require an even larger inoculum before it can become established. Even in the 
case of a transposon-driven release, therefore, consideration must be devoted to the 
number of mosquitoes that are to be released. 

To modify a population of vector mosquitoes usefully, a defined mass of construct- 
carrying insects must initially be released into its midst, and the desired genetic trait 
must thereafter be maintained at some specified frequency. It may be that the local 
density of such a target population can transiently be reduced by conventional 
insecticidal means and replaced by a mass of released mosquitoes. Insecticide 
resistance might be used as a conditional lethal that would promote such a 
replacement effort. The work of the first quarter century of “genetic-control” research 
provides insight into the release ratios that might be required for the anticipated 
efforts (see Reisen and Lounibos elsewhere in this volume). 


Fitness 


Vector mosquitoes must pay some price for the microbes that develop and multiply 
within their bodies. Such an extraneous biomass requires nourishment, and those host 
tissues that are destroyed must be repaired. But, any antimicrobial response that is 
mounted may very well cost the host mosquito more than would be saved if the 
pathogen were to mature. An antibacterial immune response as well as an 
encapsulation response is associated with decreased fecundity. The pathology 
produced by plasmodial or arboviral pathogens is mainly evident in the insect’s 
salivary glands (Rossignol, Ribeiro and Spielman 1986), a burden that is imposed 
solely on the miniscule portion of the vector population that lives long enough to 
become infective. Salivary production is diminished. Such an infectious mosquito 
subsequently becomes a “super-spreader” of pathogens because it tends to probe 
numerous hosts without imbibing blood and is functionally sterile. The vector 
population, however, reaps a “group selection” benefit from arboviral or plasmodial 
pathogens because they induce a prominent thrombocytopenia in vertebrate hosts, a 
condition that facilitates blood-feeding by vector insects. Even the human reservoir is 
spared in the ancestral African malaria cycle. This exquisite set of reciprocal 
adaptations preserves the fitness of vector populations in the face of their parasitic 
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relationships. Pathogen-incompetence does not necessarily convey a fitness advantage 
to a vector population (Catteruccia, Godfray and Crisanti 2003). 

Vector-competent mosquitoes appear to be more fit than are those that fail to 
support the development of pathogens (Boéte and Koella 2002). Indeed, field-derived 
An. gambiae only rarely melanize malaria parasites, a finding that presumably reflects 
relative fitness. Paradoxically, the “quantum of infection” component of vector 
competence in nature appears to correlate inversely with vectorial capacity; fewer 
oocysts develop in those mosquitoes that contribute more powerfully to the force of 
transmission than in those that contribute less. No more than a few oocysts mature on 
the midgut of each African An. gambiae s.s., while a hundred or more develop in a 
South-Asian An. stephensi mosquito, and these anthroponotic parasites arose in 
Africa. The mechanism of this apparent adaptation remains entirely unexplored. What 
price does competence exact from a mosquito population, and wherein lies any profit? 

If construct-bearing mosquitoes are no more fit than is the natural target 
population, the release ratio must somewhat exceed 1:1. Pal and LaChance formalized 
this concept in 1974, relating release ratio to Ro and fitness in a model that includes a 
density-dependent factor (Pal and LaChance 1974). The resulting relationship served 
as a critical basis for a major sterile-male release effort against Indian Culex pipiens 
that was partially implemented. The program simulates random pairings by wild 
females where fertile wild males and sterile released males coexist, and evaluates 
incremental values of RO. Threshold values for release ratios determine the boundary 
between perpetuation and elimination of the natural population. 


Experience relating to release ratios 


The first attempt to reduce the density of vector mosquitoes by genetic means was 
conducted in Okpo, a village in Burma where the Culex pipiens quinquefasciatus 
vector of lymphatic filariasis constituted the target population (Laven 1967). This 
village is surrounded by paddy fields in which these mosquitoes cannot breed, and 
every breeding site was identified. The goal was to eliminate C. pipiens from this 
isolated site by releasing male pupae derived from a population that was 
“cytoplasmically incompatible” with those in Okpo. Sperm of the released males 
could not fertilize the Wohlbachia-exposed eggs of Okpo females. During the 
breeding season, some 4,000-10,000 native male pupae appeared to be present in 
those breeding sites that were present in the village, and 5,000 incompatible male 
pupae were placed in these bodies of water each day. An appropriate number of pupae 
were placed in each breeding site. Egg viability declined steadily during the 12 weeks 
of the breeding season. Although no comparison treatments or follow-up observations 
were described, it seems evident that a 1:1 release ratio resulted in the intended effect 
in this limited site. 

Another release against C. pipiens mosquitoes in an even more limited site was 
conducted in a cesspit in a farmyard located near Montpellier in France. The objective 
of this experiment was to reduce vector density by means of translocation 
heterozygotes (Laven 1972). Some 300-20,000 adult mosquitoes appeared to be 
originating in the site each day. The release ratio reached 5:1 per day, and the number 
of egg rafts deposited in the cesspit declined from 20,000 to 100 over 6 weeks. 

A much larger genetic-control translocation-heterozygote experiment was 
conducted against Culex pipiens in a village complex located near Delhi in India 
(Brooks et al. 1976). The 228 homes in the village contained as many as 743 breeding 
sites, from which 525-2,000 adults emerged each day. Some 5,000-40,000 mosquitoes 
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were released each day. The release ratio was about 17-225:1, with a mean of 60:1 
during the seasonal peak, resulting in a two-third reduction of fertility in wild females. 
The experiment was discontinued before it could be brought to fruition. 

Another translocation-heterozygote experiment was directed against Aedes aegypti 
during the late 1970s in an isolated Kenyan village (McDonald, Hausermann and 
Lorimer 1977). Mosquito abundance in the village was estimated at about 1,000 
during the dry season, and some 814 male mosquitoes were released each day for nine 
weeks. The released mosquitoes appeared to be about 13% as fit as were those in the 
natural population. This estimated release ratio of 10:1 resulted in a 37% reduction in 
fertility. 

A population of chromosomally aberrant Culex tritaeniorhynchus was released in a 
village near Lahore, Pakistan during the late 1970s (Baker et al. 1979). The village 
contained 143 homes and several ponds that produced numerous mosquitoes, 
including about 147,000 males. A total of 167,000 males were released at a rate of 
about 12,000 per day. The actual release ratio was estimated at 1:4. Fitness, 
unfortunately, proved to be nil. All anticipated matings failed. Although mosquitoes 
may appear to be fully fit in population cages, genetically altered mosquitoes may not 
be competitive when released in nature. 

Radiation-sterilized Culex pipiens were released on an uninhabited Florida island 
in the United States in a classical attempt to adapt Knipling’s (Knipling 1955) original 
methodology against mosquitoes (Patterson et al. 1970). An estimated 40,000 adults 
were present there, and some 8,000-15,000 sterilized adults were released each week 
for a release ratio of about 9:1. This overwhelming inundative release resulted in an 
apparent 40-fold reduction in abundance, to about 1,000 mosquitoes. 

A well-documented release of chemosterilized mosquitoes was conducted against 
Anopheles albimanus in a virtually isolated 150 km2 mainland site near Lake 
Apastepeque in El Salvador (Dame, Lowe and Williamson 1981). Some 1,500 
mosquitoes were present there when these insects were most abundant, and extensive 
larvicidal applications preceded each release. Their Ro was estimated at between 7 
and 21. In an initial series of observations, in 1972, as many as 30,000 sterile males 
were released each day. Sterility became evident in more than half of the target 
population when the release ratio exceeded 20:1. Another such experiment, performed 
in 1978, attained sterility in only about a quarter of the population after the mass of 
the release was increased to | million sterile males, including 5,000 females, per day. 


Sustainability 


It seems likely that the sustainability of any transgenic release will require that the 
released mosquitoes must permanently be nurtured in each release site (Spielman 
1994). In the event that too few of these mosquitoes are present in the village 
environment, their abundance must be enhanced. Severe ethical problems would, 
thereby, arise because such transgenic mosquitoes presumably would require human 
blood to reproduce. After a vector population has been rendered incompetent, the 
released mosquitoes must be nurtured such that a particular proportion of construct- 
bearing insects will be present in the site, and that proportion may exceed unity. In the 
event that other anti-malaria measures must be discontinued, such as source reduction 
and the use of insecticide-treated bed-nets, insuperable ethical problems would arise. 

In the event that a transgenic release immediately renders the entire mosquito 
population of a malaria-endemic region incapable of supporting the development of 
these pathogens, this health gain must be sustained. An intervention against endemic 
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malaria that results in a temporary reduction in transmission would be disastrous 
because it would be followed by a loss of herd immunity and an unrealistically 
elevated expectation of health. The malaria outbreak that follows would be 
particularly burdensome. Sustainability, then, requires a system for monitoring the 
relative proportion of malaria-competent vs. incompetent mosquitoes and maintaining 
the density of these non-vector mosquitoes at some beneficial level. Although steps 
must be taken to preserve their abundance, little consideration has yet been devoted to 
such a sustained release ratio. 


Considerations affecting release ratio 


Various considerations seem relevant to efforts designed to estimate the magnitude 
of the release ratio. Questions relating to these issues include: 

1. Structure of the target population. How panmictic is the target vector population 
within each village, between villages and across the region? 

2. Critical degree of competence. How prevalent is pathogen-competence in the 
indigenous vector population? What level of competence is required to attain the 
desired health result? 

3. Fitness of the release population. Will the fitness of the released mosquitoes be 
sufficient for them to exchange genetic material with those mosquitoes already 
present in the site? Will the fitness of the resulting modified mosquitoes be 
sufficient for them to persist? 

4. Release ratio. Must the density of the released population exceed that of existing 
wild-type mosquitoes? Must the human residents of the release site be exposed 
long-term to increased biting density? 

5. Need for nurturing the modified population. Will it be necessary to create artificial 
breeding sites for the released mosquitoes and for their modified progeny? Must 
bed-net and insecticide use in the release site be discouraged? 

6. Schedule of dissemination. How rapidly and how extensively will a transgenic 
release modify the regional population? 

7. Ethics of a release. Will the ethical requirements for informed consent be 
satisfied? Will residents of the release site be able to withdraw from the trial? 

8. Multiplicity of sympatric vector populations. If more than one vector population is 
present in the release site, what will the health impact be if only the target 
population is rendered incompetent? 

9. Multiplicity of pathogens in the local vector population. What is the health 
relevance of any other pathogens that might be transmitted by the target 
population? 

10. Sustainability of health gains. How likely is it that the transgene will become 
disassociated from the drive mechanism or that the transgene will become 
inactivated by mutation? In the event that the transgenic release must be repeated, 
are alternative drive mechanisms available? 

Together, answers to these ten sets of questions should shape the strategies that 

govern any projected release of transgenic mosquitoes. Biological considerations will 

be balanced against ethical issues. One would seek to maximize the magnitude of the 
release and the other would minimize this parameter. 


Interpretation 
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The magnitude of such an initial inundative release of transgenic mosquitoes 
directed against an anopheline vector of malaria might be estimated from published 
material. To determine how many An. gambiae s.l. were present in a Malian village, 
marked mosquitoes were released and subsequently recaptured while resting indoors 
(Touré et al. 1998). A total of 938 marked mosquitoes were released in the first year 
and 1,900 in the second. The recapture rate was estimated at 4-11%, which indicated 
that 5,000-17,000 of these mosquitoes were present in the village during the first year 
of observation and 15,000-43,000 during the second. If an effective release of one 
million mosquitoes per day were required in Mali, as suggested in the Salvadorian 
“Lake Apastepeque experiment,” an operational effort might require the release of as 
many as 10 million reared mosquitoes per African village per day, a non-trivial 
number of hematophagous mosquitoes. 

Genetic mechanisms that may drive transgenes through vector populations are 
burdened because they are likely not to drive, because they may dissociate from the 
accompanying transgene, because they spread excessively slowly and because they 
reduce the fitness of the target insects. A genetic intervention may require the 
sustained release of many more mosquitoes each day than would otherwise be present 
in the village environment. 
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Biosafety and risk assessment in the use of genetically 
modified mosquitoes for disease control 


Yeya T. Touré”, Ayoade M.J. Oduola*, Johannes Sommerfeld® and Carlos 
M. Morel” 


Abstract 


The development and implementation of the release of genetically modified 

mosquitoes (GMM) for interrupting pathogen transmission represent a major 
challenge, despite the fact that several achievements have been made about Anopheles 
and Aedes mosquitoes. There are major biotechnology challenges remaining about the 
improvement of the stability of a gene construct and its expression for a robust and 
complete interruption of pathogen transmission and the devise of safe means of 
spreading foreign antipathogen genes through mosquito populations in the wild. 
The implementation obstacles to overcome include proper risk assessment and 
management, conduct of studies to ensure safety for humans and the environment, 
devise of appropriate control strategies based on sound gene-driving systems, address 
properly ethical, legal and social implications of the release of GMM and public 
concerns. Although the development of GMM as disease-control tool is technically 
feasible, for proper implementation no field release must be undertaken until clear 
scientific proof of safety for humans and the environment and efficacy is provided and 
ELSI concerns and public acceptance are properly addressed. 


Keywords: genetically modified mosquito; biosafety; risk assessment; disease 
control; malaria; dengue 


Introduction 


Effective disease-vector control has been very difficult to achieve, particularly in 

developing countries, due to various factors, such as development of insecticide 
resistance by the vectors, poor knowledge of the biology of the vectors, inappropriate 
implementation strategies (technical and operational) and also limited human 
capacity. 
To overcome these difficulties, it becomes necessary to apply selective, targeted and 
site- specific control strategies based on increased knowledge of the biology of 
vector-pathogen-human interactions, on the improvement of existing control tools and 
on the development of new and innovative vector-control tools and strategies. 

The limited understanding of vector biology, emergence of insecticide resistance 
and failure of other malaria-control measures, served as an impetus for a historic 
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meeting convened by TDR” and the MacArthur Foundation in Tucson, Arizona in 
1991. On that occasion a small group of scientists, stimulated by the advances of 
molecular biology, proposed an unorthodox approach: the use of the modern tools of 
genetics to overcome the role of Anopheles gambiae in malaria transmission, making 
it unable to host and/or transmit Plasmodium (Report of the meeting ‘Prospects for 
malaria control by genetic manipulation of its vectors' 1991). This revolutionary idea 
was accepted by the Joint Coordinating Board of TDR, and a new area of work — 
Molecular Entomology — was launched with a long 20-year work plan, focusing on 
three major milestones: (1) by 2000, develop the basic tools for the stable 
transformation of anopheline mosquitoes; (2) by 2005, engineer a mosquito unable to 
carry the malaria parasite(s); (3) by 2010, carry out controlled experiments for 
understanding how to drive this genotype into wild populations. Milestone | was 
reached exactly on target (Kokoza et al. 2000; Catteruccia et al. 2000); milestone 2 
was achieved three years ahead of schedule (Ito et al. 2002). Next to Plasmodium- 
incompetent mosquitoes, it was also considered that Aedes aegypti (L.) should be 
transformed to become refractory to the dengue viruses. 

In this paper, the challenges for the development and implementation of new and 
innovative control measures such as the release of genetically modified mosquitoes 
(GMM) are analysed in light of the necessity of addressing safety assessment and 
management, ethical, legal and social implications (ELSI) and public acceptance and 
decision making. 


Challenges for development and implementation of the control 
strategy 


Several achievements have been made towards the genetic transformation of 
vectors unable to transmit disease pathogens. 


e Anopheles stephensi Patton transformation was achieved using Minos 
transposable element and the marker gene of the Enhanced Green Fluorescent 
Protein (EGFP) (Catteruccia et al. 2000). 

e An. stephensi expressing a 12-amino-acid peptide (termed SM1) that binds 
specifically to mosquito midgut and salivary-gland tissues (Ghosh, Ribolla and 
Jacobs-Lorena 2001), was also engineered using piggyBac transposable element, 
the EGFP marker gene and the synthetic gene corresponding to SM1, and made 
unable to sustain Plasmodium berghei development and transmission (80% 
reduction in transmission) (Ito et al. 2002).e An. gambiae, the major vector of 
malaria in Africa was transformed using piggyBac marked with EGFP (Grossman 
et al. 2001) and SMI was proved to be able to bind to its midgut and salivary-gland 
tissues. 

e A white-eyed strain of Ae. aegypti was transformed (coloured eyes) in 1998, with 
50% transformation achieved with Hermes-Cinnabar (Jasinskiene et al. 1998), and 
4% with Mariner-Cinnabar (Coates et al. 1998). 

e A transgenic Ae. aegypti refractory to dengue virus (and other pathogens) was 
engineered (Olson et al. 1996) with a viral transducing system using a double 
subgenomic Sindbis virus (dsSIN) containing a sequence from DEN-2 virus, to 
induce resistance in Ae. aegypti to DEN-? virus replication and transmission. 
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e A stable transgenic Ae. aegypti mosquito (Hermes-Vg-DefA) produced (a blood- 
meal induced) defensin with antibacterial activity in the fat body (Kokoza et al. 
2000). 


Despite these achievements, biotechnology challenges remain about the 
improvement of the stability of a gene construct and its expression for a robust and 
complete interruption of pathogen transmission, the devise of safe means of spreading 
foreign antipathogen genes through mosquito populations in the wild and the devise 
of an appropriate genetic-control strategy based on this tool. 

The solution to these technical challenges will be greatly speeded up (Morel et al. 
2002) by the newly released Anopheles gambiae genome (Holt et al. 2002) and the 
forecoming Ae. aegypti genome sequence. 

The An. gambiae genome provides new opportunities for generating new genetic 
markers for characterizing the vector populations, for studying their biology, ecology 
(including gene flow, dispersal, behaviour) and for identifying targets to inhibit 
parasite growth and interruption of transmission. 

The main challenges would be implementation-related issues of the control strategy 
to answer the questions: 

- How can we successfully and safely implement genetically modified mosquitoes to 
interrupt malaria and dengue pathogen transmission in the field? 

- How can we successfully convince the public that this goal is desirable, feasible and 
can be accomplished safely? 


Requirements to be considered before GMM can be deployed 


The obstacles to overcome include proper risk assessment and management, 
conduct of environmental studies to ensure safety for humans and the environment, 
devise control strategies based on sound gene-driving systems, address properly 
ethical, legal and social implications of the release of GMM and public concerns. 

Safety assessment needs a strong scientific base such as the identification of 
scientific principles and practices for conducting safe laboratory experiments and field 
trials with GMM following Good Developmental Practices (GDP). 

A step-wise approach needs to be used during the research and development 
process to minimize the potential risks of the use of the GMM to humans and the 
environment. This can be achieved by the provision of guidance on the design and 
performance of minimum-risk field research, the development of criteria and test 
methods for environmental monitoring, providing the basis for collection of data 
addressing safety in the field, the development of guidelines for dispersal, 
contingency measures and site rehabilitation. 

Proper safety assessment and management is an important basis for policy 
decision. It needs to set up a procedure to minimize the potential adverse human and 
environmental consequences by anticipating detrimental effects that might follow the 
release of GMM during experimentation, by designing monitoring systems for the 
early detection and evaluation of adverse outcomes and by planning intervention 
strategies, so that new information can be gathered and interpreted to avert and if 
necessary, remedy adverse health or environmental effects (Wheelis et al. 1998). 

Biosafety assessment for humans and the environment needs to provide public 
information about the biosafety issues and ensure that the information reaches the 
communities and decision-making bodies. A proof of efficacy and safety to be 
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approved by authorized biosafety and regulatory bodies before any experimental 
release should be properly established (Hoy 2000). 

There should also be prior environmental and health studies for site selection, and 
based on this data the most appropriate sites should be chosen. 

Ecological studies are needed to improve understanding of gene flow in mosquito 
populations (mating patterns, behaviour, male biology, population size and structure, 
mechanisms of population regulation, fitness and phenotypic effects of colonization 
and mass production) (see also Knols et al. elsewhere in this volume). They will help 
identifying suitable isolated field sites and characterize populations in terms of genetic 
and ecological make-up; epidemiological characterization (transmission, disease), 
develop appropriate contained semi-field systems to improve understanding of the 
biology of (transgenic) mosquitoes (Scott et al. 2002). 

Moreover, models can be used to enhance understanding of biological processes, 
spatial and temporal variations, selection of ‘suitable’ areas, prediction of effects of 
transgene introduction and public-health outcome. 

Ethical, legal and social implications (ELSI) of the potential use of GMM will also 
need to be properly addressed, by integrating with the scientific studies those ELSI 
factors that are relevant to the use of GMM, and by ensuring that all parties with 
legitimate concerns have mechanisms for including their input into the proposed 
control programs. There is also the necessity of translating risk-assessment procedures 
into language(s) that are easily understood by the communities concerned, and of 
involving the end-users in the choice of sites and plans for deployment, in clear and 
legally appropriate concepts of informed consent, and in promoting an understanding 
of the real measures of success for the programs (Macer 2002). 

Information should be openly provided as broadly as possible in a two-way 
process, and consent should be obtained from the communities involved. The 
mechanisms to obtain individual and group consent need to be specifically developed 
for public-health interventions. The data should be made open to all so that they can 
benefit from global expertise and develop an international consensus. There is a need 
for an ongoing and active process of ethical analysis, through a variety of fora. There 
is also the need for the elaboration of ethical and scientific standards for research in 
this area (Macer 2002). 

The building of public awareness and confidence is essential to develop 
implementation strategies that involve the end-user communities and decision-making 
bodies such as to raise their awareness and build confidence about the benefits and 
risks, to provide means to the public to be sufficiently knowledgeable to make 
informed decisions about the merits of deploying these programmes in their 
communities, to provide adequate means for information dissemination and 
communication, to promote South-North research and development and build capacity 
in Disease-endemic countries (DECs) for the understanding and the potential use of 
the tool. 

Bearing in mind these necessities, TDR and partners (NIH, MacArthur Foundation) 
initiated several meetings in order to bring together the different parties (molecular 
biologists, population geneticists, ecologists, field biologists involved in these 
activities (Scott et al. 2002; Alphey et al. 2002). Further plans include more 
involvement of DECs in terms of North-South research and training activities, 
building capabilities for the use of genome data as well as developing public 
awareness. 
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Conclusion 


The development of genetically modified mosquitoes as disease-control tool is 
technically feasible and the recently released An. gambiae genome provides 
opportunities to address the remaining scientific challenges. For the implementation- 
related challenges, biological, ecological and genetic information needs to be gathered 
on the tool and the environment in which it may be used such as to give guidance 
about how to devise control strategies. Public concerns and ELSI considerations need 
to be properly addressed and a proof of efficacy and safety as basis for policy decision 
needs also to be demonstrated. 

For proper implementation, no field release must be undertaken until clear scientific 
proof of efficacy is provided and safety issues for humans and the environment, ELSI 
considerations and public concerns are properly addressed. 

Regardless of the quality of the science, the public confidence and acceptance will be 
the key factors to drive the tool in use. 
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Measuring public-health outcomes of release of transgenic 
mosquitoes 


C.F. Curtis* 


Abstract 


The transgenic RIDL method could ensure that male mosquitos can be released 

without biting females and that the males would have no female progeny after mating 
to wild females. Urban Anopheles or Aedes vector populations, surrounded by 
different species in rural areas, would seem to be the most appropriate targets for such 
releases, aiming at eradication. In urban areas intensity of transmission is generally 
not very high and the public-health outcomes of such urban programmes could be 
monitored by passive surveillance through health facilities or by active surveillance 
for infections with or without associated symptoms. 
The alternative use of transgenic mosquitos would be to produce strains refractory to 
infection by pathogens such as Plasmodium and to drive such genes into wild 
populations. In theory, in contrast to sterile-male eradication, such a procedure could 
“resist” a limited level of immigration and could open up the possibility of using the 
method against African rural malaria. However, in practice it would seem extremely 
difficult or impossible to ensure the necessary complete linkage of the refractoriness 
genes to the driving system. If this problem could be overcome one could monitor the 
impact of the spreading of the refractoriness genes by its impact on (1) the sporozoite 
rate in the wild population; (ii) the incidence of re-infection after clearing existing 
infections with an appropriate drug treatment; (iii) active surveillance for prevalence 
of malaria fever and anaemia in children; (iv) attacks of severe malaria and deaths 
monitored though hospitals and village reporters. 


Keywords: transgenic mosquitoes; sterile males; urban vectors; malaria surveillance; 


dengue surveillance; malaria refractoriness; gene driving systems; sporozoite rate; 
malaria incidence; malaria morbidity 


Introduction 

It has been suggested that transgenic mosquitoes might be used for: 

(a) production of sterile males without the need for treatment of the males for release 
and ensuring that no females are released with them (the so-called RIDL system, 


see Figure 1) (Thomas et al. 2000; Heinrich and Scott 2000; Alphey and 
Andreasen 2002) 


‘* London School of Hygiene and Tropical Medicine, London WCIE 7HT, UK. E-mail: 
chris.curtis@I|shtm.ac.uk 


223 


Chapter 17 


Tet 


death 


Female specificity 


Figure 1. Diagram kindly supplied by Alphey and Andreasen (2002) of repressible, 
female specific dominant lethality. Removal of tetracycline from the larval medium 
releases female-killing mechanism by unblocking teracycline transactivator 


production of pathogen-refractory mosquitoes and attachment of the gene(s) 
concerned to a genetic system for driving them to high frequency in a wild population 
(Curtis 1968; Davis, Bax and Grewe 2001; Boéte and Koella 2002; Ito et al. 2002). 


Possibilities of eradication by sterile males 


Male insects are adapted for searching out females even if they are rare. Therefore, 
in appropriate circumstances, sterile males can eradicate wild populations. Radiation- 
sterilized Glossina austeni eradicated this species from Zanzibar (Msangi et al. 2000) 
where immigration was geographically impossible. Mass release on a rolling front, of 
radiation-sterilized New World Screw Worm Flies (Cochliomyia hominovorax) has 
eradicated this species all the way from the southern USA to Panama (Wyss 2000). 

The RIDL system leads to the activation of a dominant female-killing gene as soon 
as a dietary supplement of tetracycline, which is supplied to the laboratory or factory 
colony, is removed. It could have the advantages of: 


1. avoiding the need for radiation which is harmful to the competitiveness of 
mosquitoes, especially if given to the more easily handled pupae, rather than 
adults (Smittle and Patterson 1974, Andreasen, M. in prep.); 

2. avoiding the need for chemosterilants such as bisazir, which Lofgren et al. (1974) 
found to give sterile male Anopheles albimanus with good competitiveness after 
release. However, such alkylating agents are mutagenic and would be unlikely to 
be allowed for treatment of insects for release nowadays; 

3. activation of a RIDL system has been shown to give 100% killing of females in 
Drosophila (Thomas et al. 2000) and may well be more reliable for sex separation 
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in Anopheles than has been achievable with Y-chromosome translocations of 
insecticide-resistance genes (Seawright et al. 1978) or on the basis of pupal size in 
Aedes aegypti (Ansari et al. 1977). 


It would be nice to think that one could attack the world’s major malaria problem 
in African villages by setting up a rolling front of releases of sterile male An. gambiae 
s.s and/or An. funestus. However, funding for protection of the health of poor people 
is much less generously available than for protection of profitable cash crops such as 
citrus fruit or cattle. Therefore a rolling front of sterile male An. gambiae or funestus, 
comparable to that of Screw Worm Flies, seems almost inconceivable. The population 
of An. arabiensis on the island of Réunion is being considered as a target for a 
demonstration project with sterile males. Malaria has already been eradicated from the 
island, but the French government spends considerable sums on precautions against 
re-infestation of this island with malaria. An area surrounded by desert has been 
suggested as an alternative site but, after all the effort of setting up such a project, one 
might finish up only benefiting three men and a camel! Such sites are sometimes 
advocated for “proof of principle”, but a demonstration eradication in such sites may 
not tell us much about application of the method against other more worthwhile 
targets such as “urban islands”, 1.e.where there is one vector species in an urban 
environment and another in the surrounding countryside (Curtis and Andreasen 2000), 
as appears to be more or less true for: 


(a) southern Nigerian cities with urban An. arabiensis surrounded by rural An. 
gambiae s.s (Coluzzi et al. 1979; Kristan et al. 2002); 

(b) Indian cities with urban An. stephensi stephensi surrounded by rural An. 
culicifacies (Ramachandra Rao 1984); 

(c) urbanised Singapore with mainly Aedes aegypti vectoring resurgent dengue (Goh 
1995) and Ae. albopictus as a less efficient vector in more rural habitats and with a 
causeway across about | km of water separating Singapore from Malaysia. 


One advantage of concentrating on urban areas is that, if the programme was 
successful, a large human population would benefit from the resources and effort 
expended. One might think that if entomological data confirmed that eradication of 
populations of the above mentioned urban vectors had indeed been achieved, then 
eradication of the disease would inevitably follow; so disease monitoring would only 
be a public-relations exercise. However, unfortunately in all three cases mentioned 
above there is not a completely clear-cut division between the urban and rural vectors 
so the possibility of continued disease transmission by predominantly rural species 
infiltrating into the urban area would need to be checked. In the case of Singapore, it 
appears that as the Ae. aegypti infestation level has been reduced over the last 30 
years by legally enforced source reduction, the amount of serious disease has 
increased (Goh 1995; Ooi et al. 2001). This is an apparent example of a “rebound”, of 
the type that has been much discussed in relation to control of African malaria 
vectors, resulting from reduced exposure of infants to acquiring immunity and more 
serious disease outcomes if non-immune older people are infected (Coleman, Perry 
and Woolhouse 2001). One would have to consider whether successful eradication of 
Ae. aegypti might be counter-productive if a reduced, but definite, amount of 
‘transmission due to Ae. albopictus remained, with virtually no acquired immunity in 
the human population. It might be necessary also to eradicate the latter species and to 
eradicate dengue vectors in southern Malaysia to minimize the chances of re-invasion 
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via vehicle traffic. In the sterile-male campaign to prevent invasion of Los Angeles by 
Mediterranean fruit fly, there have been so many cases of re-invasion, as a result of 
people illegally carrying in infested fruit from Central America, that a permanent low 
level of sterile male release is now continued as a precaution (Dowell et al. 2000). 
Perhaps the same would be needed if populations of any of the above mentioned three 
vectors showed initial success of an eradication attempt. However, if this proved 
necessary it would cancel out the great “selling point” of eradication: that expenditure 
is time-limited and the high cost of eradication can justifiably be spread over a time 
period far into the future. 

Strong supporters of the above mentioned “rebound” idea oppose attempts at 
vector control in the African rural lowlands where malaria is holo-endemic and 
acquired immunity is very important (Trape et al. 2002). They propose urban 
environments as more hopeful targets for malaria-vector control. If they were 
prepared to consider sterile males at all, they would certainly, and quite rightly, press 
for maximum initial efforts at conventional source reduction with the sterile males as 
a “mopping up operation”. 

In urban areas it ought to be possible to monitor progress against the diseases, as a 
result of urban sterile-male release or other forms of vector control, by individual case 
detection via passive surveillance through the public-health system. In tropical 
countries there is a tendency to ascribe any fever to “malaria”. Therefore complaints 
of fever would need to be backed up by a quality controlled system of slide reading or 
use of test kits for detecting malaria infection, or immunological testing for dengue 
infection. 

Even in areas of moderate transmission, symptomless malaria infections occur. 
Mass blood surveys for prevalence of infection, regardless of occurrence of fever, 
give information about the impact of vector control in addition to that from passive 
surveillance for malaria cases (e.g. Yapabandara et al. 2001). 

In India it would be customary to monitor progress of malaria-vector control 
(including control by release of sterile male An. stephensi) through active surveillance 
by house-to-house enquiries by inspectors about fever cases and the taking of slides to 
check whether the cause is malaria. All urban areas, but especially those in India, 
attract immigrant workers from poverty-stricken rural areas. Thus many cases of 
vector-borne disease found in urban areas have been acquired elsewhere. Thus, for 
disease statistics to reflect properly the results of urban vector suppression, it would 
be necessary for careful enquiries to be made to identify, as far as possible, cases of 
imported disease. In the case of Nigerian cities, a preliminary study might show that 
so much “urban malaria” is imported that the above suggestion of urban vector 
eradication there might be pointless. 


Driving of refractoriness genes into rural vector populations 


As a first step any malaria-refractory strain should be checked by laboratory 
feeding experiments to ensure that there are no unexpected increases in susceptibilty 
to viral or filarial pathogens. 

Boéte and Koella (2002) emphasized the need for malaria-refractoriness genes to 
be 100% effective if they are to have a beneficial impact in areas of intense 
transmission. They have also modelled effects of refractoriness genes in lowering 
fitness in the majority of mosquitoes which never encounter Plasmodium, or of raising 
fitness by allowing those mosquitoes which encounter infection to avoid its damaging 
effects. It seems very unlikely that the latter effect could be strong enough to drive an 
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introduced refractoriness gene to fixation in a wild population and a special driving 
system would seem to be required for this. 


The most hopeful possibilities for gene-driving systems seem to be: 

1. Mobile transposons which tend to copy themselves without deleting the “original” 
(Curtis and Graves 1988; Kidwell and Ribeiro 1992; Hager 2002). These would 
have to be checked before any releases are made to ensure that they cannot 
undergo possibly dangerous horizontal transfer into other species. 

2. Wolbachia (Curtis and Sinkins 1998), which is maternally inherited and causes 
unidirectional sterility when Wolbachia-infected males mate to uninfected 
females. Thus Wolbachia infection is favoured by selection because infected 
females make no sterile matings and thus always transmit their infected 
cytoplasm. 

3. Constructs consisting of two transgenic unlinked lethals with each one tightly 
linked to a suppressor of the other lethal (Davis, Bax and Grewe 2001 and Figure 
2). This system provides for two independent refractoriness genes to be 
simultaneously selected. This could have the advantage of acting like multi-drug 
therapy in hindering the evolution in Plasmodium of resistance to (or evasion of) 
the refractoriness. 


If one of these driving systems was completely linked to a gene or genes for 
refractoriness to Plasmodium and the system functioned perfectly, a relatively small 
“seeding” release should initiate a process of spreading which, unlike sterile males, 
would have some ability to overcome the effects of immigration. Thus it would open 
up the possibility of using transgenic mosquitoes against rural African malaria 
transmitted by An. gambiae s.s. and/or An. funestus. The problem of complete linkage 
of the driving system and the gene to be driven was raised by Curtis (1968) and has 
still not been solved. If there is the likelihood that somewhere or at some time the 
driving system would detach from its “load” of refractoriness genes, the unloaded 
driving system would most probably be at a selective advantage and would move to 
fixation. This is likely to prevent any further use of that driving system against the 
same population. In view of the large wild populations and long time periods 
involved, it is difficult to see how one could even study the question of whether the 
system is proof against occasional, but fatal, recombination. If expert molecular 
geneticists cannot confidently suggest a solution, one should seriously consider 
abandoning the whole refractoriness enterprise. If it is really not conceivable that the 
system could work, it is misguided to continue to use scarce resources from the 
malaria-research budget for activities which could not control malaria but could only 
produce NPS (Nature-paper synthetase). However, if expert opinion considers that 
absolutely unbreakable linkage is achievable then one has to consider how to monitor 
the effects on malaria transmission of a driver-refractoriness system. The first 
problem is that the system is supposed to spread. Thus setting up a conventional 
replicated pattern of treated and control villages would not be appropriate because 
villages not deliberately seeded with the refractory strain are intended to steadily 
acquire it over time as a result of mosquito immigration backed up by selection for the 
driver. Thus one would have to monitor progress in the spreading of the refractoriness 
gene and test for a negative correlation of this with appropriate malariological 
‘parameters. 


227 


‘SOUIOSOWOIYO SNOZO[OWOY-UOU JO sNOSOTOUIOY UO aq P[NOd sjor.ysUOD *jONsUOD JoYIOU sey YoY odAq Pym oy} 
d0v]dsip pue WY} INOARJ [JIM UOIIIIIS ‘paseajos Je S}ONLSUOD Y}OQ YIM YSnoud J] ‘[eyjo] st QUO ATUO SuIAKY Inq ‘o[quIA 
SI YJOQ JO JONSUOD JOYIIOU YM OyNbsow Y “J9YyIO dy} UO [eYJI] dy} JO Ja}0WI0Id ay) sossorddns sWOSOUIOIYO 9UO UO 
Jossaiddng *([90Z) 9aMoID pue xeg ‘sIAeq Aq poesodoid ssoujyly Jo} soULUIWOPJopUN d1UaZsURI) JOJ WSTURYDO|] *Z OINSIT 


g 9Udd ssoulIO}oRIJOY VY 9ud3d ssoullojoeyoy 
ques [eyo] quads [eyo] 
J Jojowoig D INOWOIg 
D Jossoiddng 4iossoiddng 
g o[o]]e posooulsuYq 0 9I]e pors9UIsUq 


Chapter 17 


228 


Curtis 


The refractoriness genes are intended to reduce the proportion of mosquitoes that 
can become infective. Use of ELISA (Burkot, Williams and Schneider 1984) for 
large-scale testing for sporozoites is now routine. In Tanzania we have collected 
mosquitoes for such tests, as well as for monitoring mosquito population densities, 
using light traps set indoors beside occupied untreated bed nets (Lines et al. 1991) and 
pyrethrum spray catches plus exit traps on windows. These methods are a far more 
efficient use of manpower, and less ethically objectionable in areas of multi-drug- 
resistant malaria, than human biting catches. We hope to confirm very soon that the 
bed net trap devised by Mathenge et al. (2002) is an even more efficient way of 
monitoring the biting population without getting bitten. 

Our collections with light traps in cool highlands and warm lowlands, with or 
without vector control by community-wide use of pyrethroid treated nets or house 
spraying (Curtis and Sinkins 1998; Maxwell, Carneiro and Curtis (submitted)), 
showed that at both altitudes these interventions reduced both village vector- 
population density (An. gambiae s.s., An. funestus and An. marshallii s.l.) and 
sporozoite rate (see Table 1). Hence they greatly reduced the infective biting rate per 
person per year (i.e. the entomological inoculation rate — EIR). One should remember 
that introduction of refractoriness genes would only impact upon the sporozoite rate. 


Table 1. Data on malaria vectors (An. gambiae s.s., An. funestus and An. marshallii s.1.) and 
malaria transmission in relation to altitude in Tanzania and community-wide vector control 


HIGHLAND (c.1200m) LOWLAND (c..200m) 


| Cd Novnets__| Treated nets_| No nets_| Treated nets_| House spray’ | 


Re-infections/ 0.220 no data 0.423 0.100* 0.122 
Child/ week 


Data mainly from Maxwell, Carneiro and Curtis ((submitted)); “data from Curtis and Sinkins 
(1998); tests of statistical significance of differences are shown in these papers. 


In areas of intense transmission one cannot easily monitor incidence of infection 
because people are frequently re-infected and most people carry some malaria 
parasites most of the time. It was customary to monitor very young babies for 
occurrence of their first infection and thus to obtain an infant parasite conversion rate 
as a measure of incidence. In Tanzania we have avoided this method (a) because we 
do not think mothers would like to have the fingers of their tiny babies repeatedly 
pricked, (b) it would require a great deal of travelling along bad roads to accumulate 
an adequate cohort of babies of a narrow age range. Instead we have used the short- 
half-life drug combination chlorproguanil-dapsone (“lap-dap”), which is effective 
where sulfadoxine-pyrimethamine fails due to resistance. We use this drug 
combination to clear existing infections from a group of children and then monitor 
them weekly for rate of re-infection per child week at risk (e.g. Maxwell et al. 1999; 
Maxwell, Carneiro and Curtis (submitted)). We realized that any recrudescence of 
incompletely cured infections could give misleading results. To check on this we have 
used the method of molecular matching of polymorphic alleles present before 
‘treatment and after recurrence of infection (Curtis et al. 2002). However, more 
reliably, we also took a group of lap-dap-treated children (with their mothers) from 
the lowlands to spend 6 weeks at 1700 metres altitude, at which there was no 
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transmission, as evidenced by lack of any infection in local highland children. The 
results confirmed that recrudescence could occur but did so rarely (3 out of 41 
children in 6 weeks, Maxwell et al. 1999). In the lowlands without vector control, 20- 
40% of children showed recurrence of parasitaemia each week; this result can be 
corrected by our measured rate of recrudescence of parasitaemia as well as the 
possibility of two infections occurring in the same week. Reductions in EIR, due to 
(a) increase of altitude from 200 to 1200 metres, (b) installation of insecticide-treated 
nets or (c) indoor residual spraying, were all reflected in reductions in incidence of re- 
infection after clearance of pre-existing infections with lap-dap (Curtis and Sinkins 
1998; Maxwell, Carneiro and Curtis (submitted), and Table 1). However it is notable 
that in all cases the scale of the reduction in incidence is less than the change in EIR. 
We interpret this as a result of adaptation of the immune status to the current infective 
biting rate and have some evidence for differences in measured antibody levels 
(Askjaer et al. 2001 and Table 2). One can expect the same phenomenon if reduction 
of infective biting was due to driving of refractoriness genes into the population. 
Thus, though it would be worthwhile to measure the sporozoite rate after release of 
mosquitoes carrying refractoriness genes, the incidence of re-infection would be a 
more realistic measure of how much impact one was achieving on malaria 
transmission. Incidence measured this way is not immediately convertible to public- 
health benefit against malaria morbidity. However, morbidity cannot be reduced 
unless incidence is reduced and one of our incidence trials takes 6-8 weeks to 
complete and can be done with quite a small field team. 


Table 2. Active surveillance for mild malaria related morbidity in relation to altitude in 
Tanzania and community wide use of treated nets 


Prevalence | Child’s HIGHLAND(c1200m LOWLAND (c.200m 


age New nets | 3-4 yr old 
morbidity nets 


of 
% m 


fever 
% Hb 
< 8¢/dl 


* fever reported in last 2 days and/or temperature >37.4°C with >4000 parasites/l 
(Data mainly from Maxwell et al. 2002; Maxwell, Carneiro and Curtis (submitted)); *(Askjaer 
et al. 2001); tests of statistical significance of differences are shown in these papers. 


We have monitored whether conventional vector control (house spraying or 
insecticide-treated bed nets) in rural Tanzania sustainably reduces mild malaria 
morbidity in children (Curtis and Sinkins 1998; Maxwell et al. 1999; Maxwell, 
Carneiro and Curtis (submitted)). We have a routine of monthly active surveillance of 
children from treated and untreated villages, based on samples whose names have 
been picked randomly from our census lists from each village and whose mothers are 
asked to bring them along to a surveillance session. These methods would presumably 
be applicable to where the transmission control was via the action of refractoriness 


genes, whose progress into each village’s vector population would presumably be 
measurable. 
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It is important to establish each child’s age as accurately as possible because, in an 
area of holo-endemic malaria and acquisition of strong immunity, prevalence of 
malaria-related morbidity is strongly age-related. We then take (a) a blood slide to 
determine presence and density of P. falciparum parasitaemia, (b) the core body 
temperature with a quick reading Thermoscan thermometer which reads radiant heat 
from the ear drum, (c) the haemoglobin concentration with a Hemocue machine. 
Many aspects of these data (and other data which are taken on these village visits) are 
of interest, but we have found that the data can usefully be summarized into age 
groups <2, 2-5 and 6-12. For each we present (i) prevalence of malaria fever defined 
as temperature >37.4°C and/or a fever reported in the last two days with a 
parasitaemia >4000/ul, (ii) haemoglobin <8 g/dl as a measure of anaemia. The data in 
Table 2 indicate that morbidity is less (a) in the 2-5-year age group than in infants, (b) 
at the higher altitude and (c) in villages with treated nets, including ones that have 
been in use for 3-4 years. This was found despite the evidence that where treated nets 
had been in use for several years there was a decline in antibody levels (Askjaer et al. 
2001, Table 2). The lower morbidity observed with age and with treated nets at each 
altitude argues against the rebound idea and also against the idea expressed, for 
example, by Touré and Coluzzi (2000) that in the African lowlands transmission is so 
intense that trying to reduce it is hopeless and that one should therefore concentrate 
vector-control efforts at higher altitude in epidemic-prone (not holo-endemic) areas. 
This suggests that if a refractoriness gene were driven into any vector population it 
would at least not make the malaria morbidity in the area paradoxically worse, 
contrary to more extreme versions of the “rebound” hypothesis. Ellman et al. (1998) 
earlier obtained similar results in the same highland and lowland areas without vector 
control, but pointed out that, though there appeared to be no rebound for relatively 
mild effects of malaria such as those shown in Table 2, there might be such 
paradoxical effects for more severe consequences of malaria. 

Short monthly visits such as those used for our active surveillance procedure would 
miss nearly all of the incidents of severe malaria attacks and deaths. We have tried to 
obtain measures of these by stationing members of our research team at the nearby 
District Hospital to record the arrival of children from our study villages and the 
outcomes of their hospital visits. The likelihood of a child being brought to the 
hospital depends not only on the mother’s estimate of the seriousness of the attack, 
but also the difficulty of reaching hospital from villages with poor or no bus services. 
Therefore we have also appointed literate, resident village reporters to record deaths 
and occurrences of what, in their estimate, constitutes a malaria attack. The data are 
problematic because, although there is a clear understanding among literate villagers 
of mild malaria, its cause and treatment, for more severe cases with coma etc., evil 
spirits may be blamed and traditional healers consulted. Table 3 shows some data 
collected at the hospital and from village reporters. We have instituted various types 
of cross checks on such data and hope to be able to present a “cleaner” version of such 
data in the near future. However, there are no signs so far of a paradoxical “rebound”. 

The populations in our studies have not been large enough to obtain reliable data 
on mortality. In a number of large trials of residual house spraying in the past (see 
Curtis and Mnzava 2000) and of treated nets more recently (Lengeler 1998) mortality 
data have been collected by the taking of censuses at regular intervals. Attempts have 
been made at “verbal autopsies” to attribute cause of death. However, it now seems 
generally agreed that these are unreliable and it is best to stick to all cause mortality. 
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Table 3. Attempts to detect severe malaria cases via village reporters and visits to District 
Hospital 


HIGHLAND(c1200m) | LOWLAND (c.200m) 


New nets New nets_ | 3-4 yr old 
nets 


2 : 


Child’s 
age 


Attacks 
reported/ 
census 
population 
Village 
reporters 


if 


l 
2 
S 


1 
4 
6 


i 


Hospital no data 
visits 


(Data from Maxwell et al. 2002; Maxwell, Carneiro and Curtis (submitted)) 


: 


Malaria is such an important cause of child mortality in rural Africa that effective 
vector control has a strong impact on this and it has been concluded that 6 lives are 
saved annually per 1000 children provided with treated nets (Lengeler 1998). If 
transgenic refractory mosquitoes are really to have a useful impact on the worst effect 
of malaria they will ultimately have to be evaluated by their large-scale impact on 
child mortality. Furthermore, they will have to be rated for cost effectiveness in 
saving lives, in comparison with the reasonably effective methods of vector control 
which we already have. 
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Discussion — Ecological challenges concerning the use of 
genetically modified mosquitoes for disease control: 
synthesis and future perspectives 


Bart G.J. Knols’ and Thomas W. Scott” 


The preceding chapters of this book focus on ecological aspects for the application 
of genetically modified mosquitoes for disease control. Although the novelty of the 
approach to render disease vectors incapable of transmitting some of the world’s most 
debilitating diseases is underscored and unanimously recognized in these 
contributions, it is clear at the same time that the authors’ views on the topic of 
feasibility are controversial and deserve continued debate. Being the first of its nature, 
the “Wageningen Meeting’ as it has become known, marked the beginning of a 
renewed impetus towards enhancing the still trifling knowledge on the ecology and 
behaviour of major Anopheles and Aedes disease vectors. The recognition of this 
knowledge gap by the wider scientific community and funding agencies alike will 
hopefully follow, and in itself presents ample justification for the publication of this 
volume. 

A second important outcome of the meeting was the recognition that scientific 
expertise in countries earmarked for future application of novel vector-control 
interventions is sorely lacking. Not only do those countries often have limited 
scientific capability overall, their capacity in terms of research on the basic ecology 
and population biology of disease vectors is even less advanced. In spite of various 
ongoing international initiatives to improve this situation (Killeen et al. 2002), it will 
require additional efforts to enthuse young scientists in disease-endemic countries to 
engage in the study of vector biology and infectious-disease control. Failure to 
establish a competent cadre of scientists and absence of their involvement, through 
full partnership in decision-making processes and research alike, will be an 
impediment to improving public health and merely result in the repetition of past 
mistakes (Desowitz 1993). Fortunately, it is widely agreed that one should proceed 
with genetically modified mosquito field trials only if the likelihood of public-health 
benefits can be maximized, potential adverse effects for humans and the environment 
can be minimized, and the advance of this endeavour includes full collaboration with 
scientists in endemic countries (Alphey et al. 2002; Scott et al. 2002). 

The third common denominator in the preceding contributions is the fact that 
advances in the understanding of ecological processes that affect mosquito 
populations and transmission of disease will be of value to any intervention 
methodology, be it the ones that are currently advocated (for example, insecticide- 
treated bed nets) or those that are being developed to augment existing methodology, 
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like genetically modified mosquitoes. Critical in this regard, particularly in the case of 
malaria in sub-Saharan Africa, will be the divergence from the intradomiciliary to the 
peridomestic domain. The ‘ease’ of targeting host-seeking female vectors indoors, by 
using residual insecticides on the walls and roofs of houses or on bed-net material, 
curtains etc. will not apply to interventions that aim to reduce mosquito populations in 
open-field settings. This historical focus (on the indoor environment) is probably the 
leading cause for a still marginal understanding of vector population biology, the 
underlying causes for observed dynamics in populations, and the forces that drive 
such processes as dispersal, mating patterns, and speciation. Some of the intricacies of 
peridomestic anopheline life history remain a mystery such as dry-season survival, the 
nature of precopulatory mating barriers and male feeding behaviour, to name but a 
few. Similar knowledge gaps exist for Aedes aegypti ecology, population biology, and 
its role in transmission of dengue and yellow-fever viruses. A myriad of questions that 
have surfaced in this volume relate to these critical understudied topics. Consequently, 
an important research need is to understand these processes in order to maximize the 
likelihood of success for any intervention that targets vectors in the peridomestic 
domain, including genetic-control strategies. 

Another major issue for concern when moving away from the intradomiciliary 
domain will be the shift from individual-based intervention technology to community- 
wide applications. The release of genetically modified or sterile insects will require 
consent at the community level, which is in stark contrast to existing methodologies 
whereby individuals can simply decide whether or not to use such tools as an 
insecticidal mosquito coil or bed net. What will happen if the old man under the tree 
will not tolerate the release of genetically modified insects? Although such social and 
ethical issues were not discussed at length (but see Touré et al. in this volume) either 
during the Wageningen meeting (Scott et al. 2002) or the London meeting that 
preceded it (Alphey et al. 2002), such controversies will ultimately be a significant 
challenge for the application of peridomestic intervention technologies (including 
genetic as well as non-genetic approaches, like larval control). Although it has been 
repeatedly stated in this book that ecological knowledge lags behind advances in 
molecular entomology, it is perhaps the sociological perspective that needs as much, 
if not more attention to ensure support and goodwill at all levels. It will be essential in 
areas earmarked for application to have support ranging from the affected 
communities to their country’s public-health authorities (Aultman, Beaty and Walker 
2001; Touré et al. in this volume). 

Nevertheless, historical attempts to apply mosquito genetic-control strategies to 
reduce vector populations and curb disease transmission show that communities and 
governments of countries like Myanmar, Pakistan, El Salvador and Kenya, and 
European and US donor agencies have been supportive of such programmes. For 
years Zanzibar supported mass releases of sterile tsetse flies (Glossina austeni), which 
led to eventual eradication of this species from that island (Msangi et al. 2000). 
Whether similar support can be generated for the release of genetically modified 
mosquitoes remains to be seen. More important at this stage is that appropriate lessons 
have been learned from past experiences. Although some failures could be attributed 
to factors other than those related to the technology applied, like the outbreak of civil 
war in El Salvador, which led to the abandonment of the SIT programme with 
Anopheles albimanus, most failures were attributed to insufficient understanding of 
the ecology of wild mosquito populations and the fate of released material. Although 
such programmes were staged over two decades ago, these same hurdles still need to 
be overcome today, and specifically centre on the lack of knowledge in four areas: 
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1. Male biology. Historically, control efforts have focused on female mosquitoes, 
because they transmit pathogens that cause disease. A consequence of this is 
that knowledge of male life history is limited. Dependence of males on 
nutrients from plants, and how availability thereof affects survival and fitness, 
is a key element in genetic-control strategies yet thorough understanding of 
that kind of information is lacking. The factors that govern swarm formation, 
sustenance, and mate choice are similarly relatively unknown. Considering the 
fact that releases of female insects will likely be regarded as unethical (due to 
their blood-feeding habit), it will be parameters like those mentioned above 
that directly affect the efficient transmission of transgenes or sterile sperm 
from released males to wild females. 

2. Mating behaviour. Although it is generally assumed that anophelines mate at 
swarm sites, apparent absence thereof in several areas where researchers have 
spent considerable time searching for them, suggests that other mating 
strategies may exist. It will be critical to ascertain whether or not this is the 
case. Similarly, do male Ae. aegypti locate and mate with females when they 
are not engaged in flight around human hosts? Do anopheline and Aedes 
mosquitoes mate assortatively? If so, based on what information are those 
choices made? Segregation mechanisms that keep hybridization between 
sibling species to a minimum, and even yield substantial reproductive isolation 
between chromosomal and molecular forms of An. gambiae sensu stricto have 
been recorded (e.g. Wondji, Simard and Fontenille 2002; Della Torre et al. 
2002). Although the merits of molecular medical entomology may at times be 
questioned (Curtis 2002), molecular taxonomy has played a key role in 
defining reproductive isolation between sympatric populations of what was 
thought to be one taxon just years earlier. This information is vital for any 
genetic-control strategy because even a small population not targeted by the 
intervention may, due to reproductive isolation, undermine the benefits of 
releases by maintaining disease incidence and parasite prevalence at or close to 
pre-intervention levels. 

3. Colonization and mass-production effects. The transition of wild mosquitoes 
to insectary conditions, more so for anophelines than for Ae. aegypti, is 
difficult and frequently fails. Mating, particularly in small-cage conditions 
(stenogamy) rather than through swarm formation outdoors, exerts a strong 
selection pressure for genotypes that thrive in such artificial conditions and 
hence causes a reduction in genome diversity. The build-up of subsequent 
generations and mass production for release was reported to result in reduced 
mating competitiveness (see Reisen in this volume). Non-compromised mating 
ability and adult survival are two critical elements for the success of genetic- 
control strategies. The impact of colonization and mass rearing deserves more 
thorough investigation. Similarly, behavioural determinants of gene flow in 
mosquito populations and the influence thereon of laboratory maintenance 
require intensive investigation in order to establish quality-control protocols 
for mosquitoes earmarked for release. 

4. Population biology. Population biology issues will strongly impact genetic- 
control strategies. Investigators involved in several previous attempts to apply 
genetic-control techniques for disease control attributed failure to limited 
understanding of the ‘background’ population into which altered insects were 
introduced. Classical approaches, such as mark-release-recapture were utilized 
to determine ratios at which released insects should be introduced into wild 
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populations. Yet, some of the more critical components that will affect 
transgene technology, such as the factors that determine the spatial and 
temporal variations of allele frequencies and affect population structure, have 
only been studied to a limited extent. For example, dynamics of seemingly 
village-bound subpopulations of highly anthropophilic mosquitoes across 
fragmented landscapes support the need for a more thorough understanding of 
mosquito metapopulations. This will, however, constitute a significant 
scientific challenge because of complications associated with fluctuations in 
gene flow among ‘patches’ of mosquitoes and variation within (seasonal) and 
among effective population sizes (see Taylor and Manoukis in this volume). 


Advances in the above four areas of research will be of tremendous value in 
assessing the likelihood of success when applying genetic-control strategies. 
Additional, yet salient issues that need to be taken into account relate to geographical 
differences in the vectorial systems that influence transmission dynamics of disease. 
Some countries, like Cameroon, have incriminated five endemic anopheline species as 
malaria vectors, whereas others, like the islands of S40 Tomé and Principe and 
Réunion report just one (potential) vector species. Anopheles funestus Giles sustains 
intense (seasonal) transmission in many African countries alongside its An. gambiae 
s.l. counterpart, yet its inclusion in genetic-control programmes remains exceedingly 
difficult due to difficulties of maintaining this species in the laboratory. It is 
imperative, therefore, that the biology and life history of this epidemiologically 
important species receives increased attention, if genetic-control strategies are to be 
scaled-up in the future to go beyond the highly specific ecological or physical island 
settings now under consideration. Although not equal contributors to transmission of 
dengue and other arboviruses, Aedes aegypti and Ae. albopictus also can transmit 
viruses sympatrically, which raises similar concerns to the malaria situation for the 
application of genetic-control tools when multiple species of mosquito vectors are 
present in the same geographic location. 

Some recently developed novel transgenic approaches for insect control were 
discussed briefly in this volume (see Curtis 2003), like application of dominant 
lethality or engineered underdominance. Such approaches may ultimately be 
employed to control mosquito vectors. However, the bulk of research to date, and the 
main focus of discussion in this book, relates to the ecological consequences of 
attachment of an antipathogenic genetic construct to an efficient genetic-drive 
mechanism, introduced through mosquito germline transformation, followed by the 
release of such genetically modified mosquitoes into the environment. Although this 
concept is not new (Curtis 1968), its full development has only come to flourish over 
the last decade, when appropriate advances in molecular biology facilitated its full 
application. Proof of principle, with impaired transmission capability of mosquitoes 
for both malaria (Ito et al. 2002) and dengue transmission (Olson et al. 1996), has 
been established, and has generated considerable excitement that this approach may 
come to fruition for use as a public-health tool. Before such advances can be 
expected, however, there are several important issues that need to be addressed. 

Considering the fact that progress to date has been confined to laboratory settings, 
a myriad of unanswered questions relate to the fate of engineered mosquitoes in the 
natural environment. In view of the potential for detrimental effects of parasite 
infection on mosquito fitness (Hurd 2003) one would expect refractoriness to be a trait 
of high adaptive value, yet it is rare in field populations (Schwartz and Koella 2002). 
The staging of an effective immune response may, therefore, bear an evolutionary 
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cost too high for it to become naturally fixed, which explains the need for a highly 
effective drive mechanism to increase introduced gene frequency in wild populations. 
Concern has risen over the physiological consequences and altered mosquito resource 
allocation in response to introduction of a refractory trait, and the possible 
unfavourable selection pressure against such genotypes. If not carefully designed and 
implemented, inclusion of transgenes in the mosquito genome may at best yield 
complete blockage of pathogen development in the individuals possessing the trait, 
but may compromise mosquito fitness to the extent that such traits rapidly disappear 
from the target population (Billingsley; Koella in this volume; Catteruccia, Godfray 
and Crisanti 2003; Boéte and Koella 2003). Another pertinent issue with regard to the 
above concerns relates to the use of a genetic-drive mechanism (e.g. a transposon) to 
overcome the selective disadvantage of possessing transgenes. If a transgene that 
reduces fitness disassociates from its genetic driver, the transgene and its beneficial 
effect on pathogen transmission will be lost. 

It is generally accepted that if wild mosquito populations are to be replaced with 
refractory ones, drive mechanisms are required to spread transgenes at rates that 
exceed the spread of genes by normal Medelian heritance. If such a system can be 
identified, then small ‘seeding’ releases of, for example, transposon-carrying 
individuals may be adequate to accomplish population replacement. Alternatively 
inundative releases could be repeated over time, but this would add logistical 
complexity that may render it economically unviable in comparison to established 
vector-control tools. The lessons learned from sterile-insect-technique programmes 
will certainly be of value in this regard (Benedict and Robinson in press). 

It has been suggested that an ecologically appropriate and biologically safe way to 
address questions about the transfer of transposon-driven transgenic mosquitoes from 
the laboratory to the field is to use contained semi-field systems (Aultman, Beaty and 
Walker 2001; Scott et al. 2002). For some research topics this approach might work 
well, for others it may not be appropriate due to inherent limitations (Knols et al. in 
thsi volume). For instance, it may be inappropriate for studying the occurrence of 
transgene inactivation through mutation, phenotypic expression in the genetic 
background of wild populations or the development of pathogen-resistance against 
introduced traits. Those processes are unlikely to be expressed and identified in small- 
scale greenhouse studies over a short period of time. Other means will be required to 
obtain that kind of critical information for the use of transgene technology when 
applied on a large scale and over several years. 

If the process of population replacement is complete and refractoriness absolute, 
the merits of the transgenic approach will be easily identifiable — transmission will be 
eliminated and disease will disappear. However, any shortfall of complete blockage of 
transmission or partial population replacement will require detailed insight, which 
does not currently exist, into the relationship between entomological risk and disease 
outcome. Although the relationship between vector density, transmission intensity and 
disease are fairly well understood for malaria (e.g. Smith, Leuenberger and Lengeler 
2001), it has proven much harder to define such characteristics in the case of dengue 
(Scott and Morrison in this volume). Measuring the direct public-health benefits of 
transgene technology may likely be complex. An extension of this concern are the 
possible consequences that reductions in pathogen transmission and delayed 
acquisition of (partial) immunity may have on severity of disease. Although this so- 

‘called ‘rebound effect’ has not been observed in bed-net studies in Tanzania (Maxwell 
et al. 2002; Curtis in this volume) it remains to be seen whether these observations are 
universal across wider ranges of transmission intensity and over longer time periods 
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than have been studied to date. Overall, there is a fundamental need for improved 
understanding of the intricate relationships between entomological indices of risk, 
transmission intensity and dynamics, and disease incidence and prevalence. 

Legitimate concerns have been raised regarding the various biosafety and risk 
factors involved in the application of transgenic tools in agriculture and human health. 
We, therefore, can anticipate that public concern over the inclusion of selected traits 
in the genome of human-blood feeding, pathogen transmitting, and free-ranging 
insects may be of similar if not larger magnitude compared with that observed for 
biotechnologically enhanced food crops. An array of ethical, legal and social issues 
related to the release of genetically modified mosquitoes must be addressed, in 
conjunction will clearly defined biosafety and risk-assessment studies. Such studies 
should include vector competence of target insects for diseases other than those 
against which they were intended to be refractory. The merits of population 
replacement should also be viewed with regard to sustained transmission potential of 
other diseases by the target population (e.g. malaria-refractory An. gambiae 
transmitting bancroftian filariasis). Above all, regulatory bodies charged with the 
authorization process of moving transgene technology from the laboratory to full field 
application, need to be established and should safeguard the two-pronged objective of 
this endeavour: maximizing the likelihood of public-health benefits and minimizing 
potential adverse effects for humans and the environment. 

The Wageningen Meeting brought together a group of leading international experts 
in the fields of mosquito biology and ecology, infectious-disease control and 
epidemiology. The many stimulating discussions at the meeting were covered by 
news features in Nature (Clarke 2002) and Science (Enserink 2002). In highlighting 
the huge and intolerable burden of malaria and dengue it was once more noted that the 
battle staged by mankind against their mosquito vectors is far from won, and leaves 
many of the poorest nations in the world with insufficient capability to combat disease 
and halt the economic losses they incur. The expanding global efforts, both in 
scientific and financial terms, to turn the tide of this public-health disaster are to be 
applauded. Major advances, notably the completion of the An. gambiae and 
Plasmodium falciparum genome projects, offer prospects for expanding the arsenal of 
novel tools (drugs, vaccines, insecticides) to combat malaria. We hope that the 
ongoing Ae. aegypti genome project will result in similar positive public-health 
impacts against dengue. Further refinement of insect transgenic technology and 
identification of additional targets (phenotypes other than refractoriness such as 
altered blood-feeding behaviour or shortened life span) capable of reducing a 
mosquito population's capacity to transmit pathogens are to be expected over the 
coming decade. Moreover, novel developments in the field of molecular biology will 
in all likelihood deliver the means to circumvent impediments to application that exist 
today. 

‘Ecological aspects for application of genetically modified mosquitoes’ is the first 
scientific contribution to draft a research agenda specifically intended to facilitate the 
application of novel (genetic) approaches to reduce or element mosquito-borne 
disease. Given the appropriate financial, scientific, and human resources, we may 
indeed enter an era rich in successes and unprecedented in scale and magnitude, 
against mankind’s most deadly foes. 
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New interventions are needed to reduce the burden of vector-borne diseases like 
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malaria and dengue, which are among the most serious and prevalent infectious dis- 


eases worldwide. The release of genetically modified (GM) mosquitoes may offer an 
alternative strategy to do so while circumventing the pitfalls of current vector con- 
trol methods. Current methodologies are stalling because of drug resistance, absence 
of vaccines and inadequate mosquito control techniques. GM mosquitoes have been 
developed that are resistant to pathogen infection and transmission, but the public- 
health and environmental consequences of releasing such insects are unclear, mainly 
because of a lack of knowledge of the ecology and population biology of mosquitoes. 


This book is the reflection of a workshop, held in June 2002, that addressed these 
issues. Experts on mosquito ecology met for the first time to discuss the current 


knowledge of mosquito ecology with respect to GM-insect technology. Emphasis of 


the workshop was on evaluating how human health and natural ecosystems, includ- 
ing target wild-mosquito populations, will respond to the invasion of GM vectors. 
This volume will stimulate discussion by clearly showing the importance of vector 
ecology for prevention of vector-borne diseases. | 


{ 


ISBN 1-4020-1585-2 


9 "781402"015854 


KLUWER ACADEMIC PUBLISHERS WURF 2 


IOUT AAD HUTA AAT AG 


